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The versatility of a triazine ring-forming reaction has been explored for the synthesis
of two classes of ligands: 2,4-di(2’ -pyridyl)-6-(aryl)- 1,3 ,5-triazine and 2,4-bis(Œ,a-
dipyridyl)-6-(aryl)- 1,3 ,5-triazine. The first class of ligands have a tridentate
coordination motif and have been applied to the synthesis of Ru(II) complexes in
efforts to improve the photophysical properties of the classic Ru(II) complex based on
2,2’ :6’ :2’ ‘-terpyridine (tpy). The aryi group may be varied, and introducing a bromo
phenyl substituent enables a ‘chemistry on the complex’ approach to introduce a range
of additional chromophores. Altematively, fused aromatic rings may be introduced
directly onto the triazine ring using a modified synthetic approach. The bromo-phenyl
substituent in itself offers a means to gain directional control of the aggregation of
cations in the solid state through stabilising halogen-halogen interactions. Short Br-Br
contacts are observed in a number of complexes of first row metals employing the 2,4-
di(2 ‘ -pyridyl)-6-(p-bromo-phenyl)- 1,3 ,5-triazine ligand.
Substitution of the pyridyl rings whilst maintaining the p-bromo-phenyl triazine
core provides a means to manipulate the magnetic properties of Fe(ll) complexes.
Introducing sterically demanding groups adjacent to the coordinating N atom can
induce elongated Fe-N bond distances thereby forcing the Fe(II) centre into a higli spin
configuration.
The second cÏass of triazine ligands allows access to a pentadentate
coordinating ligand through the substitution of pyridyl rings with Œ,Œ-dipyridyl rings.
The electron deficient triazine ring can stabilise CutI) cations enabling full
characterisation of a dinuclear, helical complex in solution and the soÏid state.
The photophysical, magnetic, redox and electronic properties have been studied
depending on the coordination complexes synthesised. The complexes have been
characterised mainly by solution nuclear magnetic resonance spectroscopy (‘H and
(‘H) NMR, mass spectrometry, elemental analyses and, in many cases, analyses in
the solid state has been carried out crystallographically by X-ray diffraction.
Key Words: Triazine, tridentate, pentadentate, photophysical properties, magnetic
properties, X-ray diffraction, redox.
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VC Résumé
La versatilité d’un ligand triazine pouvant former des réactions a été explorée,
dans un but synthétique, pour deux classes de ligands: 2,4-di(2’-pyridyl)-6-(aryl)-
1,3 ,5-triazine et 2,4-bis(Œ,Œ-dipyridyl)-6-(aryl)- 1.3 .5-triazine. La première classe de
Ïigands possède un motif de coordination tridentate et a été utilisée dans la synthèse de
complexe de Ru(ll) dans le but d’améliorer les propriétés photophysiques du complexe
classique de Ru(II) basé sur la 2,2’ 6’,2”-terpyridine (tpy). Le groupement aryle peut
être variable et l’introduction d’un substituant bromo-phényÏe rend possible l’approche
de la «chimie sur le complexe» dans le but d’introduire une variété de chromophores
additionnels. D’un autre côté, des cycles aromatiques fusionnés peuvent être introduits
directement sur le cycle de la triazine par une approche synthétique modifiée. Le
substituant bromo-phényle offre en soi un moyen de gagner un contrôle directionnel
sur l’agrégation de cations dans l’état solide en stabilisant les interactions halogène-
halogène. Des contacts Br-Br courts sont observés dans plusieurs complexes de métaux
de première rangée employant le ligand 2,4-di(2’-pyridyl)-6-(p-bromo-phényl)-l,3,5-
triazine.
La substitution des cycles pyridyles tout en maintenant le noyau p-bromo
phényl-triazine fournit une méthode permettant la manipulation des propriétés
magnétiques pour les complexes de Fe(II). L’introduction d’un groupement
demandant, d’un point de vue stérique, en position adjacente à l’atome d’azote, peut
induire un allongement de la longueur des liens Fe-N et ainsi forcer le centre de Fe(II)
à adopter une configuration à haut spin.
La deuxième classe de ligand triazine permet l’accès à une coordination
potentiellement pentavalente par la substitution des cycles pyridyles en x,c
dipyridyles. Le cycle triazine déficient en électron peut stabiliser les cations de Cu(I) et
permettre la caractérisation complète d’un complexe dinucléaire hélicoïdale en solution
et à l’état solide.
Les propriétés photophysiques, magnétiques, électroniques et d’oxydoréduction
ont été observées selon la coordination des complexes synthétisés. Les complexes ontC
vi
été caractérisés principalement par spectroscopie de résonance magnétique nucléaire en
solution (‘H et ‘3C{1H} NMR), spectroscopie de masse, analyse élémentaire et, dans
certains cas, des analyses cristallographiques à l’état solide ont été faites par diffraction
des rayons X.
Mots clés: triazine, tridentate, pentadentate, propriétés photophysiques, propriétés
magnétiques, diffraction des rayons X, redox.
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1Chapter I: Introduction
1.1 General Background
The 1,3,5-triazine motif has become an important molecular component for organic,
supramolecular and coordination chemists due to its diverse reactivity and electronic
and structural influences.’ As a consequence, trïazine-containing compounds have
found applications in catalysis,2’3 medicinal chemistry4 and polymer chemistry5 as well
as contributing significantly to the herbicide industry.6
The commercially available compound, 1,3 ,5-trichloro-2,4,6-triazine (trivially
known as cyanuric chloride), is frequently employed as a versatile building block for
the synthesis of a range of triazine compounds. Nucleophilic substitution of the
chloride atoms proceeds relatively easily using a range of nucleophiles.79 By
controlling the temperature, tri-amino substituted triazines can be accessed as outlined
in Figure 1.1.’°




R, R R= alkylandaryl amines
3rd substitution
67°C
Figure 1.1 Differential reactivity of cyanuric chloride.’°
The cyanuric chloride core is highly activated compared to alternative aryl cores due to
the electropositive character of the N atoms. For this reason organometallic cross
coupling reactions may also be employed to allow easy access to unsymmetric aryl
2substituted triazine rings.’1’4 Alternatively, the triazine ring may be generated by
using one of two approaches.’5 The first approach is more versatile and alÏows access
to unsymmetrically substituted diaryl and triaryl triazines by reaction of N






Scheme 1.1 a) Cyclisation reaction of benzonitriles or pyridyl-nitriles, b) the reaction
of N-cyanoamidines with a chloromethyleniminium sait.
The second approach involves a cyclisation reaction with cyano-containing precursors
(Figure 1.2b).172’ This has proven to be efficient for the rapid synthesis of aryl
substituted triazines, but is normally Ïimited to symmetric triazines. Despite the
limitations, heterocycles can be employed to replace benzonitriles, enabling easy
access to ligands such as 2,4,6-tris(4’-pyridyl)-1,3,5-triazine (4-tpt) and 2,4,6-tris(2’-
pyridyl)-1,3,5-triazine (2-tpt) which have been extensively used in coordination
chemistry and crystal engineering.’8 In addition to the pyridyl-substituted triazine
iigands, a 2,2’-bipyridine-based triazine ligand, 2,4,6-tris(6’-Œ,a-dipyridyl)-l,3,5-
triazine (6-tbpt) could be synthesised using the same methodology, however, the
coordination chemistry of this iigand remains unexplored due to its limited soÏubility.’9
R
31.2 2,4,6-tris(4’ -pyridyl)-1,3,5-triazine (4-tpt)
The (4-tpt) ligand bas been used extensively over the last decade in the area of crystal
engineering. The first crystallographically characterised coordination polymer using
this connector was reported in 1995 by Robson and co-workers.22 The 4-pyridyl ring
permits monodentate coordination to a range of metal ions in which the triazine ring
provides the central rigid structure.23
In addition to polymer formation 4-tpt lias been used extensively in the synthesis of
discrete molecular assemblies suc,h as the coordination cage synthesised by Fujita and
‘4co-workers (Figure 1.3).
+
The self assembly of the octahedral cage lias been monitored by NMR and shown to be
the thermodynamic product, forming even in the presence of excess palladium starting
NQQ
4-tpt
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Figure 1.3 Self assembly of M6L4 as an octahedral cage in water.24
4(E material. To date, the host-guest chemistry of this coordination cage lias been studied
extensively.2527 It has been shown that the cavity can behave as a ‘molecular flask’ for
carrying out reactions. In particular, the photodimerisation of olefins within this cage
show enhanced reaction rates as well as perfect regio- and stereo-selectivity.28 The
catalytic activity observed is a resuit of the phase transfer properties of the
coordination cage, which brings the organic substrates into the aqueous environment
where the Pd catalyst can carry out the transformation.
1.3 2,4,6-tris(2’ -pyridyl)-1,3,5-triazine (2-tpt)
2-tpt was first synthesised in 1959 and is now commercially available due to its ease of
synthesis.’8 The coordinating ability of 2-tpt is more diverse than 4-tpt as the potential
exists to display ri’, ri2 or i coordination modes to form mono, bi, tri, or polynuclear
complexes.2933 The predominant coordination mode is tridentate (Figure 1.4), but a
combination of tridetate and bidentate modes is also frequently observed in dinuclear
complexes.
figure 1.4 The i coordination mode (left), and the 3- 2 dinuclear coordination
mode (right).34
1.3.1 Bidentate chelate complexes of 2-tpt
The bidentate coordination mode of 2-tpt affords complexes with an additional, readily
accessible coordination motif for the formation of oligonuclear complexes.3537





o interesting fluxional solution behaviour due to the availability of the adjacent pyridyl









Figure 1.5 The exchange pathways for the dynamic processes in Pt(II) and Pd(ll)
complexes of 2-tpt.39
These processes have been studied by NMR, and it was found that the fluxional
behaviour invoïves “metal hurdiing” of a C—C bond followed by the movement of the
metal from one edge of the central ligand ring to an adjacent edge, thereby enabling a
1,4-metallotropic shift to coordinate to the adjacent pyridyl ring (Figure 1.5).
1.3.2 Homoleptic Coordination Complexes of 2-tpt: [M(tpt)2J2
In the tridentate ri3 coordination mode, 2-tpt can behave in the same manner as
2,2’:6’,2”-terpyridine (tpy) which has been used extensively in many areas of
coordination chemistry due to the interesting structural, magnetic, redox and
photophysical properties of the bis-terimine systems.4042 Tpy was originally
synthesized in the 1930’s by oxidative coupling of pyridine.43’” However, the
synthetic procedures have advanced significantly, giving a range of readily accessible
6C tpy analogues.4549 Despite the structural and geometric diversity displayed by
complexes of 2-tpt, the development of more sophisticated systems is limited by the
inability to carry out further substitution reactions as is typically performed to develop
more evolved tpy-based systems.
The homoleptic Fe(tpt)? and Co(tpt)22comp1exes were initially synthesized in
order to study their stability and dissociation ldnetics.5052 On complexation to Fe(II)
an intense purpie colour was obtained due to a metal-to-ligand charge-transfer (MLCT)
hand in the visible region of the spectra. Magnetic studies of this complex indicated
that it was low spin at room temperature.53 The Fe(tpy)22 complex is similarly
diamagnetic and low spin at room temperature. However, facile modification of the
tpy core enables manipulation of the magnetic properties through steric and electronic
effects and consequently, high-spin and spin-crossover complexes of the Fe(tpy)2
-
motif can be synthesised.54’55
Ni(IJ) homoleptic complexes of tpt have been synthesised and characterised in
aqueous solution.32 Tn contrast to the Cu(IT) complexes, the Ni(tpt)22 complexes have
greater stability in aqueous solution. Cu(tpt)22 complexes have been studied in the
solid state, but the Cu(fl) ion promotes nucleophilic attack and hence hydrolysis of the
ligand. Complete hydrolysis of 2-tpt proceeds relatively easily to form the bis(2-
pyridylcarbonyl)amine) (bpca) ligand (Figure 1.6). The metal-promoted hydrolysis of
tpt was first reported in 1976 by Lippard et aL56 The effect lias now been observed
with a number of monovalent, divalent and trivalent ions including Cr(III), Fe(II),
Fe(HI) and Co(III), Ni(II), Zn(II), Re(I), Ru(II), Os(ll) and Rh(III).36’ M
o
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The rate and ease of hydrolysis is highly dependant on the metal ion and its valency.
For monovalent M(I) ions (e.g. Re(I)), the metal promoted hydrolysis will only
proceed in dinuclear complexes, {Re2tpt]2t and requires the presence of alcoholic or
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Scheme 1.2 Rhenium(I)-promoted methoxylation of the triazine ring in binuclear
complexes.
Figure 1.6 Hydrolysis of Cu(tpt)22 to Cu(bpca)2.56
$C
1.4 Ru (II) complexes of triazine ligands
Ru (II) complexes of polypyridyl ligands have been extensively studied due to their
interesting photophysical properties which may be applied for potential light
harvesting applications.42’ 65 Complexes of tridentate tpy-based ligands are structurally
favoured over the bidentate polypyridine ligands based on 2,2’-bipyridine (bpy).42
Despite the interesting properties obtained in complexes of bpy-type ligands,6567 rapid
synthesis of polymetalÏic systems can be problematic due to the separation of facial
and meridonal diastereomers.42 Unfortunately, the photophysical properties of the
Ru(tpy)22-type complexes are inferior to their bidentate counterparts based on
Ru(bpy)32t An excited state lifetime of 0.25 ns is observed for Ru(tpy)22 at room
temperature, while that of Ru(bpy)32 has a lifetime near 850 ns.68 The steric strain
resulting from tridentate coordination reduces the ligand field strength of the tpy as
compared to the bidentate-bpy analogues. Consequently, deactivation via thermal
access to metal-centred (MC), non-emissive states is enhanced at room temperature.
Two approaches have been taken to improve the photophysical Ru(tpy)22-based
complexes: a) Substitution on the tpy ligand thereby maintaining the tpy core, and b)
changes in the coordination sphere upon replacement of the pyridyl rings with
alternative heterocycles.68
As a consequence, Ru(II) complexes of tpt have been studied as tpy analogues for such
potential applications as probes for biologically relevant molecules (e.g. DNA).33’69
However, manipulation and optimization of the photophyscial properties of Ru(tpt)22t
type complexes is limited due to the difficulty of substituting the tpt ligand.
A synthetic methodology was previously developed in our laboratory which enables
access to asymmetric triazine ligands whilst maintaining the bis-(2-pyridyl)-s-triazine
core. Phenyl, toluyl and 4-pyridyl groups were introduced in the pendant positions in
an effort to tune the photophysical properties of Ru(ll) complexes of tridentate

















This synthetic approach highlighted in scheme 1.2 was successful for 2,4-di(2’-
pyridyl)-6-(aryl)-1,3,5-triazine where the aryl group is phenyl-, o-toluyl and p-toluyl
groups. However, efforts to introduce a 4-pyridyl ring onto the pendant position was
not successful using this approach.7° Instead a statistical method was employed using
R= R= H
R= Me, R’= H




Scheme 1.3 Synthesis of asymmetric triazine ligands (above), mechanism of reaction
(below).2’
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Scheme 1.4 Statistical reaction for the synthesis of 2,4-di(2 ‘ -pyridyl)-6-(4’ -pyridyl))
Ï ,3,5-triazine.
The homoleptïc and heteroleptic-tpy complexes were synthesised for the family of








Scheme 1.5 Synthesis of triazine complexes where X =Y=H; X= H, Y= Me; X= Me,
Y= H; and X= H, Y= N.7°
These triazine ligands serve to improve the photophyscial properties of their complexes
relative to those of Ru(tpy)22, since the electron-deficient triazine ligands stabilize the
emissive 3MLCT states through low-lying ligand centred orbitals. Higher energy MC
states are unaffected and, thus, the non-emissive MC states are no longer readily
accessible at room temperature. The triazine-based complexes emit from their 3MLCT





The coordination chemistry of 2-tpt and related ligands is diverse but limited by the
inability to carry out further substitution reactions on the ligand core. Recent
developments in the synthesis of 2,4-di(2’ -pyridyl)-6-(aryl)- 1,3 ,5-triazine ligands lias
made possible the synthesis of a range of tridentate triazine ligands. The main
objective of this research is to explore the versatility of this reaction and to synthesise
triazine ligands with substituted aryl and pyridyl rings. Subtie alterations in these
ligands can gïve rise to disproportionately large changes in the properties of their
coordination complexes. These complexes have been characterised by NMR and, in
many cases the solid-state structures have been obtained by X-ray diffraction
techniques. In addition, the photophysical and magnetic properties have been studied
in certain complexes.
Cliapter I: This consists of a brief introduction into the applications of triazine
ligands to areas of coordination chemistry. This introduction is complementary and
serves as a platform to the short introductions given in each chapter and the review
reported in chapter II, part A.
Chapter II: The first part of this chapter will introduce synthetic strategies from a
published revïew article previously employed in the synthesis of Ru(II) complexes of
tridentate ligands with desirable photophysical properties. The second haif of chapter
II will report the synthesis of a bromo-substituted triazine ligand and ils Ru(ll)
complexes. The bromo-functionality allows the introduction of a range of organic
chromophores by a ‘chemistry-on-the-complex’ approach or through classical ligand
preparation.
Cliapter III: This chapter will discuss the solid state and solution properties of Zn(II)
and Ru(II) complexes of 2,4-di(2’ -pyridyl)-6-(aryl)- 1,3 ,5-triazine ligands in which(J aryl= naphthyl, phenathryl and pyrenyl substituents. The dependence of the
o12
properties on the fused aromatic ring will be discussed for the Zn(II) complexes and
compared to those of Ru(II) complexes.
Chapter IV: This chapter will discuss unpublished work on the synthesis and
characterisation of Rh(llI) complexes with a bromo-substituted triazine ligand. The
electronic properties will be probed by varying the electron-donating properties of the
orthogonal ligand.
Chapter V: The first half of this chapter wilÏ introduce a family of Co(II) complexes
based on triazine ligands for potential applications as redox mediators in dye sensitised
solar ceils (DSSC’s) with particular emphasis on their electrochemical properties. The
second haif of this chapter discusses the solid state propertïes of Co(II), Fe (II), Ni(II)
and Cu(II) complexes of 2,4-dï(2’ -pyrïdyl)-6-(p-bromo-phenyl)- 1,3 ,5-triazine and 2,4-
di(2’ -pyridyl)-6-(p-toluyl)- 1,3 ,5-triazine.
Chapter VI: In this chapter, synthesis of triazine ligands will be reported in which the
pyridyl rings in 2,4-di(2’-pyridyl)-6-(p-bromo-phenyÏ)-l ,3,5-triazine are replaced or
substituted. The steric and electronic influence on the magnetic properties of Fe(II)
complexes will be reported.
Chapter VII: The synthesis of a pentacoordinate triazine based ligand and its CutI)
dihelical complex will be described. The solid state and redox properties will be
discussed in light of applications as molecular switches.
Chapter VIII: This chapter will review the resuits and highlight the most important
points, as well as discuss future perspectives of the projects reported.
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Abstract
Coordination complexes have been used extensively as the photoactive component of
artificial photosynthetic devices. WhiÏe polynuclear arrays increase the probability of
light absorption, the incorporation of the stereogenic Ru(2,2’-bipyridine)32 motif gives
rise to diastereomeric mixtures whereas the achiral Ru(2,2’ :6’ ,2’ ‘-terpyridine)22 motif
creates stereopure polynuclear complexes. Thus, polynuclear anays composed of
ruthenium (II) complexes of tridentate ligands are the targets of choice for light
harvesting devices. As Ru(II) complexes of tridentate ligands have short excited-state
lifetimes at room temperature (r.t.), considerable effort has focussed on trying to
increase their r.t. luminescence lifetime for practical applications. This tutoriat review
will report on the sophisticated synthetic strategies currently in use to enhance the
room temperature photophysical properties of Ru (II) complexes of tridentate ligands.
2.1 Introduction
Ruthenium (II) polypyridine complexes have been the focus of considerable attention
over the last few decades.’ Their rich photophysical properties make them attractive
candidates for applications as photosensitisers in light-harvesting devices (LHDs)
where they replace natural chromophores, such as chlorophyll-a and f3-carotenoid in
photosystem II (PSII). The Ru(II) complexes absorb energy in the visible region of the
spectmm giving rise to a singlet metal-to-ligand charge-transfer (‘MLCT) excited state,
which quickly produces a potentially emitting triplet excited state (3MLCT). The
3MLCT excited state may be sufficiently long-Ïived to transfer an electron or energy to
a suitable acceptor depending on the complex under investigation. In P511, the excited
special pair rapidly transfers an electron through pheophytin to a plastoquinone due to
the spatial arrangement of the chromophore and the electron acceptors.2 Although
duplicating the structure of PSII in a LHD would be extremely difficuit, artificial
systems capable of duplicating its function, that is, generating a charge-separated state,
o19
are of increasing interest.3 In the absence of the fast electron transfer found in PSII, the
excited-state lifetimes of Ru (II) polypyridine complexes must be optimized to permit
vectorial electron or energy transfer before excited state deactivation can occur.3 The
luminescence lifetimes may be fine-tuned by manipulating the properties of the excited
states which are ultimately dependent on the ligands bonded to the Ru(II) ions.4 As a
greater mechanistic understanding of the processes involved in harnessing light energy
may lead to LHDs that replace conventional non-renewable sources of energy with
renewable solar energy sources,5 the design and synthesis of new ligands and their
Ru(II) complexes is of critical importance.6
The artificial counterparts for the chromophores of PS11 have typically been based on
the {Ru(bpy)3J2 motif due to its relatively long-lived excited state at room temperature
(1100 ns).’ However, in larger polynuclear systems based on [Ru(bpy)3]2, the
stereogenic metal centres create diastereomers, and further substitution on the bpy
ligands may lead to facial and meridional isomers.7 AÏthough methods to create
enantiopure complexes based on [Ru(bpy)3]2 have been developed,8 attention has
turned to synthetically more accessible complexes based on tridentate ligands such as
2,2’: 6’ ,2’ ‘-terpyridine (tpy). [Ru(tpy)2J2 has a relatively long luminescence lifetime in
rigid matrix at 77 K, however, at room temperature its excited state is essentially
quenched with a lifetime of only 250 ps.9 The rigid tridentate ligands create a greater
distortion from ideal octahedral geometry in their Ru(fl) complexes. Smaller N-Ru-N
trans angles are found in coordinated tpy (158.6°) as compared to the analogous Ru(II)
complexes with bpy (173.00).b0h1 This gives rise to a weaker ligand field strength,
which effectively reduces the energy of the dd metal-centred triplet state (3MC) (Figure
2.l).12 A consequential decrease in the energy gap between the 3MLCT and 3MC is
observed and the 3MC is thermally accessible from the 3MLCT, facilitating non
radiative decay back to the ground state (GS).
The excited-state lifetime of Ru(II) complexes is dependent on the radiative and non
radiative rate constants as given by
20
1
k° + k°’ exp (-Ea IRT)
where k° = kr + knr , the sum of the radiative and non-radiative rate constants,
respectively, and relates to a thermally activated crossover process in which Ea is the
activation energy barrier to the 3MC state.’3 As Ru(II) polypyridine complexes are
weakly emitting, the non-radiative decay constant is the more important factor of the
two rate constants.4 The two major pathways for non-radiative deactivation are through
a direct contribution from the 3MLCT state to the GS and through a therrnally acessible
3MC state back down to the GS. In order to reduce the overail non-radiative decay
constant it is important to diminish the accessibility of the 3MC state from the 3MLCT
state. However, if the 3MLCT state is too low in energy, the excited state lifetime may
be shortened even more by the direct contribution back to the GS according to the
Energy Gap Law.”3’4”3 Although tridentate ligands based on the tpy motif have
overcome the problems associated with the chirality of Ru(bpy)32, it bas corne at the








li this tutorial review, the synthetic strategies used to enhance the photophysicaÏ
properties of Ru(II) complexes of tridentate ligands wilÏ 5e reported. The most popular
approach has focused on manipulating the energy difference between 3MLCT and 3MC
states of the complex in order to minimise non-radiative decay through the 3MC state
to the GS. Destabilisation of the 3MC state or stabilisation of the 3MLCT state, or both,
leads to a greater energy gap between the two states. However, stabilisation of the
3MLCT also reduces the energy gap to the ground state which is the usual deactivation
pathway for low energy emitting Ru (II) complexes. AÏternatively, an additional
chromophore may 5e introduced with a comparable triplet energy to the 3MLCT
excited state of the complex, which produces a bichromophoric effect and a substantial
increase in the r.t. luminescence lifetïme. In the following four sections, we will review
the strategies developed to date and highlight the most efficient.
2.2 Ruthenium (II) complexes of functionalised 2,2’:6’,2”-terpyridine ligands.
a) Direct incorporation of an electron-withdrawing or electron-donating
substituent onto tpy.
Complexes of [Ru(tpy-X)(tpy-Y)J2 type were synthesised in which X and Y were a
wide range of both electron withdrawing and electron donating groups on the 4’-
position of the central pyridyl ring.’4 The complexes with electron withdrawing groups
(EWGs) were shown to absorb at a lower energy due to greater stabilisation of the
Ïigand-based Ïowest unoccupied molecular orbital (LUMO) as compared to the metal
based highest occupied molecular orbital (HOMO). The energy of the 3MLCT state
was consequently lowered and thermal population of 3MC state was reduced. The
luminescence lifetimes were increased and dramatic improvements were observed for
complexes with strong EWGs: X = H, Y = SO2Me: 2Lmax = 679 nm, t = 36 ns; X =
SO2Me, Y = SO2Me: ?max = 666 nm, r = 25 ns. A comparable red shift in the
absorption hands were also observed when X or Y were electron donating groups
(EDGs) as they destabilise the metal-based HOMO to a greater extent than they
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destabilise the ligand-based LUMO. However, the EDGs do flot destabilise the 3MC
state to a great extent and non-radïative decay back to the GS was facilitated. The
longest lifetimes were found for the complexes with mixed EDGs and EWGs: X = OH,
Y = SO2Me: 2max 706 nm, t 50 ns.
When electron withdrawing triarylpyridinium functionalised terpyridines are
coordinated to Ru(ll), the heteroleptic complexes have a low energy emission (670 nm)
and extended r.t. luminescence lifetime of 55 fis.15 However, the introduction of a
phenyl spacer between the tpy and the pyridinium group diminishes the effect of the
electron-withdrawing pyridinium substituent and the Ïifetime is reduced quite
signfficantly to 580 ps, comparable to that of Ru(tpy)22. Attaching the relatively
electron rich thiophene group directly to the tpy ligand also increases the r.t.
luminescence lifetime of Ru(II) complexes, albeit to a lesser extent (<10 ns).’6
Early pioneering work with acetylene substituents in the 4’-position of the coordinated
tpy ligand demonstrated that long excited-state lifetimes could be obtained.17 The
complexes have acetylene groups grafted directly onto the terpyridine core which
enhances electron delocalisation and stabilises the ligand-based LUMO (Figure 2.2).’
The increase in the 3MLCT-3MC energy gap reduces the mixing of the 3MLCT state
with the 3MC state. An increase in the number of acetyÏene units also decreases the
emission energy and increases the lifetime of the excited state. The longest r.t. lifetime
for acetylene-based complexes corresponds to the acetylene-pyrene complex (580
ns).’7 Although pyrene’s triplet state (3Pyr) is higher in energy than the 3MLCT state, it
may be populated from the 3MLCT which effectively delays the emission. A similar
effect may be responsible for the extended Ïifetime on the ferrocene-based acetylene
complex (Figure 2.2).’ The strategy of using the equilibrium between triplet states to
increase the luminescence lifetime wiÏl be discussed in section 3.
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Figure 2.2 Photophysical data for acetylene-substituted Ru(tpy)? complexes.’7’8
b) Co-planarity of aromatic groups on the tpy ligand
Phenyl substitution in the 4’-position of the tpy gives Ru(II) complexes with
photophysical properties that cannot be explained simply in terms of electron donating
or withdrawing ability. The Hammett parameter for a phenyl group is essentially the
same as hydrogen, therefore, one would expect similar properties to those of
[Ru(tpy)2]24 However, the MLCT absorption band (481 nm) and emission hand (715
nm) are at lower energy for [Ru(Ph-tpy)2]2 as compared with [Ru(tpy)2]2t which
absorbs and emits as 475 nm and 629 nm, respectively. The 3MLCT state is stabilised
by the phenyl substituent to a greater extent than the t1\4TCT an effect that has been
observed in a number of similar systems.’9’2° In the ground state the phenyl ring twists
away from the central pyridine ring due to unfavourable steric interactions between the
hydrogens ortho to the inter-annular bond (Figure 2.3). In the excited state, there is a
change in the dihedral angle between the phenyl ring and the central pyridine ring to
give a co-planar arrangement. Consequently, the 3MLCT excited state is more
stabilised by extended electron delocalisation than the GS. The complex [Ru(Ph
tpy)2]2 and its triphenyl-tpy analogue have r.t. luminescence lifetimes of
approximately 4 ns.’9 A similar effect is noted for [Ru(p-to1uy1-tpy)2]2 (0.95 ns).7
Femtosecond absorption spectroscopy has been used to study a few related systems.2’
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A general synthetic approach bas been optimised for the synthesis of such ligands in
which the substituents are introduced prior to the condensation reaction (Scheme
2. y).22 Those substituents that aie flot accessible through this route, may be synthesised
by functionalisation of 4’ -p-toluyl-2,2’ 6’,2’ -terpyridine. Electron withdrawing




Yield = 15- 30%
Scheme 2.1 Synthesis of substituted phenyl-terpyridine ligands.22
Further studies to improve the effect of co-planar aromatic rings have been canied out
by employing a pyrimidyl spacer in place of a phenyl ring. The 2-pyrimidyl substituent
lies co-planar to the central terpyridine ring as a result of the intramolecular hydrogen
bonding between the N lone pairs on the pyrimidine and H atoms on the central
pyridine ring (Figure 2.4).
hv
Figure 2.3 Non-planar (left) and co-planar (right) 4’-phenyl-tpy complexes of Ru(II).’9
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Figure 2.4 Jntroducing co-planar substituents onto the terpyridine through
intramolecular hydrogen bonding.23
Further stabilisation of the LUMO can be achieved through substitution of electron
withdrawing groups in the 5-pyrimidyl position.23 The synthesis involved multiple
steps to initially obtain the 4’-amidinate-2,2’:6’,2”-terpyridine, which is further
reacted with substituted trimethinium cations (Scheme 2.2). The heteroleptic Ru(II)
complexes were synthesised with a range of electron withdrawing groups (Scheme
2.2).23 The parent complex, where R = H, lias a r.t. luminescence lifetime of $ ns and
ail other substituents improve on this value. The cyano-substituted heteroleptic
complex lias a relatively long-lived r.t. excited state (200 ns). A combination of
efficient electron delocalisation over the entire ligand and the electron withdrawing
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Scheme 2.2 Synthesis of a variety of substituted pyrimidyl terpyridine heteroleptic
Ru(II) complexes and their r.t. excited-state lifetimes.23
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2.3 Bichromophoric Systems
The most successful strategy developed to date is the bichromophore approach, in
which an organic chromophore with a non-emissive triplet state is simiÏar in energy to
an emissive 3MLCT state and an equilibrium is establlshed between the two states.24
When a perpendicular arrangement of the organic ligands is favoured on sterïc
grounds, orbital mixing is minimised, which maintains the independence of the two
chromophoric units, and consequently favours emission from the 3MLCT state. In
some cases, mixing of the organic chromophore triplet state and the 3MLCT state leads
to emission from an intraligand state, nonetheless a longer Ïived excited state is
usually obtained.’3 This strategy has been applied extensively to Ru (II) complexes of
bidentate ligands to which pyrene is commonly introduced as the additional
chromophore.25’26 As pyrene’s triplet state is higher in energy tlian the 3MLCT state of
tpy-based Ru(II) complexes, and anthracene’s triplet state (3An) is lower in energy
(E°=1.$5 eV, 671 nm),27 the bichromophore approacli lias flot been widely applied to
Ru(ll) complexes of tridentate ligands. The parent Ru(ll) complex lias a ligand (tpy
An) consisting of an antbracene moiety directly connected to the 4’ position of
terpyridine (figure 2.5).28 However, {Ru(tpy-An)2]2 is not luminescent at room
temperature as the energy of the 3MLCT state is significantly liigher in energy than the







Figure 2.5 Quenching of the 3MLCT excited state of [Ru(tpy-An)2]2 due to the low
lying non-emissive 3An state.28
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In order to have efficient energy equilibration in bichromophoric systems, complexes
and chromophores with iso-energetic triplet states are required. The pyrimidyl
terpyridine complexes can be used to fine-tune the 3MLCT energy (Scheme 2.2). The
anthracene moiety can then be grafted directly onto the 5-pyrimidyl position of the
pyrimidyl-terpyridine ligand (Figure 2.6). The terpyridine-based complex with a 5-(9-
anthryl)-pyrimid-2-yl substitutent has a 3MLCT energy lower than that of the complex
in Figure 2.5.’ The 3MLCT and the 3An states are now nearly isoenergetic and hence
equilibration can occur. The homoleptic complex [Ru(tpy-pm-An)2]2 exhibits
biexponential radiative decay back to the GS, with an initial r.t. luminescence lifetime
of 6 ns followed by a longer lived component with an r.t. excited-state lifetime of 1806
ns (Figure 2.6).29 The first component is attributed to the 3MLCT state based on the
pyrimidyl-terpyridine unit, and the second component arises from the equilibrium with
the 3An state which repopulates the 3MLCT state after the initial emission. The
heteroleptic complex [Ru(tpy-pm-An)(tpy)]2 also exhibits dual exponential decay with
a short-lived first component (5.5 ns) and a longer lived second component (402 ns). In
these complexes, the anthracene lies nearly perpendicular to the plane of the
pyrimidine ring and, therefore, maintains its own excited state properties. This is an
important feature as the secondary chromophore should contribute its independent
properties to the final assembly.
r7
Figure 2.6 The bichromophoric effect in [Ru(tpy-pm-An)2]2: energy transfer from the
3MLCT to the 3An state and back is very efficient.29
The chloro-pyrimidyl-terpyridine complex from scheme 2 was coupled with 9-anthrylboronic acid using a Pd(O) catalyst to
generate [Ru(tpy-pm-An)2]2.29
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hi ail of the bidentate aiid tridentate bichromophoric systems synthesized to date, the
organic chromophore lias aiways been on the same ligand that is involved in the
3MLCT state. Very recently, it lias been shown that these two excited states do flot
have to be invoived witli the same ligand. The anthryl-terpyridine and pyrimidyl
terpyridine ligands may be synthesized separately and their heteroleptic complexes
prepared (Figure 2.7). Even though the spatial separation of the two chromophores
exceeds 1 nm, the 3An and the 3MLCT states are almost isoenergetic, which allows
equilibration between the two states. A dual exponential decay of the excited state
gives two lifetimes at r.t.; 25 ns and 1052 ns (Figure 2.7).°
Xmax (abs) = 494 nm
Xmax(em) = 670 nm
r=25nsand 1052 ris
Figure 2.7 Prolonging r.t. excited-state lifetimes through a long-range multi
chrornophore approach.3°
Two multicomponent systems were reported with a 9-anthryl group introduced into tlie
tridentate ligand (Figure 2.8).31 The absorption and emission energy of the ‘MLCT and
3MLCT states are at significantly longer wavelengths as compared with Ru(tpy)22. For
the methylated complex (Figure 2.8, left), the ‘MLCT and 3MLCT hands are at 530 nm
and 730 nm, respectively, and its r.t. luminescence lifetime is 60 ns. The non
methylated complex (Figure 2.8, right) lias similar absorption (510 nm) and emission
energies (715 nm), but a shorter r.t. excited-state lifetime (30 ns). The emission energy
is lower than the energy of the 3An state, which should preclude a bichromophoric
effect, suggesting that another process may be operating. The longer lifetime may be a
result of the interligand it- it interactions which stabilises tlie 3MLCT state (cf. section
4).
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figure 2.8 Mufti component systems that contain Ru”-polypyridine and anthracene
chromophores.3’
More versatile methods have been investigated to incorporate a wider range of organic
groups into metal complexes, e.g., the Suzuki-Miyaura cross-coupling reaction with an
aryl halide, an arylboronic acid and a Pd(O) catalyst. The conventional synthetic
approach for Ru(II) polypyridines is to couple the appropriate organometallic reagent
to the halide functionalised Ru(II) complex.32 However, an alternative approach is to
introduce the organometallic reagent onto the complex itself.33 The Pd(O)-catalysed
reaction of a 4’-(p-bromopheny)-tpy complex of Ru(II) with
bis(neopentylglycolato)diboron (B2neo2), followed by hydrolysis of the corresponding
boronate ester gave the boronic acid directly on the complex (Scheme 2.3).
I) KOAc (4 equiv.)








Scheme 2.3 Synthesis of the boronic acid on the metal complex followed by Pd
catalysed coupling reactions.33
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The cross coupling reactions with a range of aryl halides were carried out using
Pd(PPh3)4 and Na2CO3 in DME-EtOH (Scheme 2.3). The coupling reactions are flot as
efficient as the reactions starting with halosubstituted complexes, however, this
alternative approach should ailow for the synthesis of complexes that would otherwise
flot be accessible. AÏthough the complexes prepared by this approach are only wealdy
emitting, there is considerable potential for new ligands and complexes to be obtained.
2.4 Increasing the energy of the 3MC state
a) a-Donating ability
As strong a-donor iigands typically destabilise metal-based orbitais while having a
minimal effect on the it orbitais of the second tridentate ligand in a heteroleptic
complex, they have a great influence over the energies of the molecuÏar orbitais
involved in MLCT processes. Consequently, strong a-donor ligands lower the energy
of the ‘MLCT and the 3MLCT states effectively reducing surface crossing to the 3MC
state. However, if the 3MLCT state is too low in energy, non-radiative decay directly to
the GS may occur. The two major ways of increasing -donor strength are by
cyclometallation and by introducing strong a-donor heterocycles into the tridentate
ligand.
I) Cyclometallation
Cyclornetallated complexes are attractive synthetic targets as replacement of a Ru-N
bond with Ru-C bond will modify the redox and photophysical properties of the
complex and, therefore, offer an alternative means to fine tune orbital energies.
Cyclometallating iigands are strong G-donors and significantiy increase the energy gap
between the 3MLCT and the 3MC state for heteroieptic complexes with one ligand
bound in an N,N,N mode and the cyclometaliated ligand in either a N,N,C or N,C,N
coordination mode. There are two general synthetic approaches to introduce a
cyclometaïlating group into the Ru(II) coordination sphere: 1) Quaternise a nitrogen
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atom and force insertion of Ru in to a CH bond; and 2) Remove a nitrogen atom from
the ligand to eliminate the possibility of N,N,N coordination.
The first approach can 5e more difficuil to control and quaternisation of tpy has been
found to be synthetically more difficult than expected. N-Methyl-2,2’ :6’ ,2’ ‘-terpyridine
hexafluorophosphate could 5e obtained by the reaction of trimethyloxonium
tetrafluoroborate in DCM at reflux for 2 hours.34 Its complexation to RuC13 then
required optimisation of the cyclometallated product over the N,N-bidentate complex
in whïch the vacant coordination site is occupied by a chloride ligand. Although the
solvent system plays a vital role in determining the major product, the solvent effect
changes from ligand to ligand and was difficuit to predict. Quaternisation of 4’-
methylthio-terpyridine proceeded more smoothly than for 2,2’:6’,4”-terpyridine and
2,2’ :6’ ,3”-terpyridine ligands using CH3I in DCM.35
The second approach, removing a nitrogen from the tpy core, is more commonly
employed to synthesise cyclometallated complexes. One pyridyl ring of tpy may be
replaced by a pyridine ring substituted in a different position, such as 2,2’:6’,4”-
terpyridine, in which it is impossible to obtain an N,N,N coordination mode (Scheme
2.4).36
A red shift is observed for the energy of absorption in the ‘MLCT band as compared to
[Ru(tpy)2]2 as would 5e expected. The HOMO is raised in energy and consequently
the HOMO-LUMO energy gap is reduced, as the 3MLCT lies on the non
cyclometallated ligand. Although the effect of one of the non-radiative decay pathways
has been reduced, the cyclometallated complex is stili only wealdy emissive at room
temperature (2max = 790 nm) as the 3MLCT to GS energy gap is very small and non
radiative decay through this alternate route is possible.
Ru(tpy)C13 +
Scheme 2.4 Cyclometallation induced protonation of 2,2’: 6’ ,4’ ‘-terpyridine.36
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Cyciometailating ligands have also been developed in which a phenyl ring is
incorporated into tpy instead of the peripheral or central pyridyl ring to force N,N,C or
N,C,N coordination, respectively. The majority of work on mononuclear systems lias
focused on 6-phenyi-2,2’-bipyridine (bpy-Ph) to obtain an N,N,C coordination motif.37
The synthesis of the heteroleptic complex, [Ru(tpy)(bpy-Ph)J, is highly solvent
dependant and a soivent with a high dielectric constant was required to favour the
cyclometallated product. The signature for these complexes is the particularly high
fieid signal in the ‘H NMR conesponding to the proton adjacent to the
cyclometaliating carbon. Complexes incorporating the cyclometailating bpy-Ph ligand
all display a red shift of the ‘MLCT hand in the visible region due to the destabilisation
effect of metaf based orbitais although emission data for the 3MLCT was flot
reported.37
Substituting peripheral rings in complexes containing the N,N,C mode can iead to
optimisation of the synthesis of the cyclometallated product over the bidentate, N,N
side-products. Significant improvements in the photophysical properties of Ru(II)
complexes may aiso be observed with substitution on peripheral rings. In the case of
complexes displaying the N,N,N coordination mode, ortho substitution on periplieral
rings leads to greater ring-strain and, therefore, greater distortion from the ideal
octahedral coordination geometry. The weaker ligand field strength leads to a lower
3MC state energy and thermally activated surface crossing onto the latter, from which
non-radiative decay readily occurs. However, the favourabie effects of c donation
counteract the unfavourable effects of steric strain in cyclometallated complexes.38
Substitution with aromatic groups in the position ortho to the N can also stabilise the
3MLCT state. A crystai structure of [Ru(mappy)(dtp)j (Figure 2.9), indicates
significant interligand t- 7t interactions which enhances the delocalisation of the





Figure 2.9 Cyclometallated complex [Ru(mappy)(dtp)].38
In contrast to the growing number of publications for Ru(II) complexes with N,N,C
coordination, the number of reported N,C,N mononuclear complexes are relatively
few. The N,C,N coordination mode lias been obtained using the ligand di-Ï,3-(2-
pyridyl)benzene (dpb) which gives the heteroleptic cyclometallated complex
[Ru(ttpy)(dpb)] when reacted with Ru(ttpy)C13.39 The max of luminescence at 784 nm
is significantly lower in energy than for [Ru(tpy)2]2.4° The luminescence lifetime is
4.5 ns, an 1$ fold increase on the excited-state lifetime of [Ru(tpy)2]2. A number of
functïonalised analogues have been synthesised as synthetic intermediates in the
construction of higher nuclearity complexes although their photophysical data are flot
available.4’ In addition to incorporating phenyl rings in the terpyridine core, thiophene
lias been introduced to direct the formation of cyclometallated products.42 The ligand
6-(2-thienyl)-2,2’-bipyridine can be used to increase the G-donating ability through
cyclometallation, or alternatively, to decrease the G-donating ability through an N,N,S
coordination mode. It is interesting to note that the mode of coordination is pH
dependent and may be modulated (Figure 2.10). However, the effects of changing
coordination modes on the photophysical properties were flot reported.43
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figure 2.10 Reversible cyclometallation of a thiophene-bipyridine ligand.43
ii) Alternative N heterocycles as strong donors
The G-donor strength of the ligand may be increased whule maintaining an N,N,N
coordination mode by changing the nitrogen containing heterocycle in the tridentate
ligand. Deprotonated triazole and tetrazole rings have been incorporated into the
tridentate core with great success as the negatively charge ligands are more efficient
donors than the neutral terpyridine based lïgands.44 The electron density is driven onto
the Ru(ll) centre which increases the energy gap between the 3MC and 3MLCT states.
A mixture of isomers is obtained by introducing a triazole ring due to the
inequivalence of Ni and N3 (Figure 2.11). The reaction of Ru(tpy)C13 with 2,6-
bis([ 1 ,2,4jtriazol-3-yl)pyridine ligand yielded ail three isomers which were isolated
through a combination of column chromatography and semi-preparative HPLC (Figure
2.lia-c). Previous studies on bidentate analogues had shown that the reaction can be
directed to favour one isomer over others by introducing sterically demanding
substituents in the C5 position. When the reaction was carried out using 2,6-bis(5-
phenyl-{1 ,2,4Jtriazol-3-yl), the products in figure 2.1 lb and Figure 2.1 ic were isolated
and could be separated by column chromatography. In order to eliminate the formation
of isomers, the symmetric ligand 2,6-bis([1,2,3,4]tetrazol-5-yl)pyridine was also
employed. This was reacted with Ru(tpy)C13 to obtain the heteroleptic complex
without the need for column chromatography. AU of the complexes are luminescent at
room temperature in ethanol and their excited-state lifetimes range from 20 to 80 ns.
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On protonation of the non-coordinated N’s on the heterocyclic rings, the G donating




Figure 2.11 Three isomers of a triazole-based Ru(II) complex.44
b) Decreasing the steric strain in the tridentate ]igand
Another way to increase the ligand field strength is to reduce the angular strain in the
tridentate ligands, which in turn increases the energy of the metai-based orbitais. A
more flexible ligand was made by introducting a methylene spacer between two of the
pyridine rings in tpy (Figure 2. 12). The r.t. luminescence lifetime for the homoleptic
complex incorporating the 6-(2-pïcolyl)-2,2’-bipyridine ligand is 17-1$ ns, 70 times




figure 2.12 Increasing ligand field strength by alieviating steric strain in tridentate
ligands.45
2.5 r Electron Accepting Ability
It lias been shown that G donor strength can manipulate the energy levels associated
primarily with the metal-based orbitais of these complexes. Another approach is to use
better it accepting ligands to reduce the energy of the 1MLCT state and consequently
the 3MLCT state. The central pyridyl ring of terpyridine can be replaced by a triazine
36
ring while maintaining a N,N,N coordination mode. An efficient synthetic
methodology lias been developed for a range of triazine-based ligands (Scheme 2.5).46
+ 2 diethylether Ç1x





Scheme 2.5 Synthesis of tridentate triazine-based ligands.46
The homoleptic complexes [Ru(trz)2J2 and the heteroleptic complexes [Ru(trz)(tpy)J2
were synthesised by standard procedures.46 The electronic absorption spectra contain
‘MLCT absorption hands which are red-shifted compared to ?max of [Ru(tpy)2]2 due
to greater to the rt accepting nature of the tpz ligands. The emission energy is
significantly lowered as compared to that of [Ru(tpy)2] . The heteroleptic complex
[Ru(trz)(tpy)]2, with phenyl group in the pendant position, emits at 740 nm, 2385 cm1
lower in energy than [Ru(tpy)2]2 and lias a lifetime of 9 ns. The stabilisation of the
3MLCT state is also a resuit of the increased planarity arising from intramolecular H
bonding between the N atoms on the triazine ring with the hydrogens on the pendant
phenyl ring. The homoleptic complexes have shorter excited-state lifetimes,
presumably due to facilitated non-radiative decay due to solvent interaction with the
non-coordinated nitrogen atoms on the triazine ring.46
The synthesis and characterisation of a related system in which a pyrazine ring is in the
central position lias been carried out. In addition to polynuclear complexes, the ligand
2,3,5,6-tetrakis(2-pyridyl)pyrazine lias been used in the synthesis of the mononuclear
heteroleptic (tpy) and homoleptic complexes (Figure 2.l3). Both complexes show
some degree of stabilisation of the 3MLCT state with red-shifted emissions at 665 nm






Figure 2.13 Hetero- and homoleptic Ru(II) complexes of 2,3,5,6-tetralds(2-
pyridyl)pyrazine.47
The heterocycles in the peripheral position may also be modified. Introducing pyrazine
heterocycles into the tridentate ligand should improve die 7t accepting ability of these
ligands. The 2,6-dipyrazinylpyridine ligand was synthesised using a well developed
condensation reaction (Scheme 2.6).48 Lifetime studies were carried out in the solid
state and the complexes were shown be weakly emitting at room temperature (r = 18
ns). The excited state is longer-lived than the toluylterpyridine analogue [Ru(ttpy)2]2
in the solid state (r = 10.95 ns).
H3 CH3
NH4OH,MeOH/5%KOH,




1,2-ethanedioI, , 16 hrs
Scheme 2.6 Synthesis of 2,6-dipyrazinylpyridine and its Ru(II) complex.48
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2.6 Summary and outlook
The optimisation of the photophysical properties of Ru(II) complexes of tridentate
ligands is still a developing area of polypyridine chemistry. In this review, the different
approaches cuirently used to synthesise new ligands and complexes as well as to
enhance the r.t. excited-state lifetimes of mononuclear complexes have been
summarised. To date, the most efficient means of prolonging r.t. luminescence
lifetimes is through a bichromophoric system in which emission from the 3MLCT
excited state is delayed by equilibration with an isoenergetic triplet state of another
chromophore. figure 2.14 gives a summary of the mononuclear tridentate complexes
with the longest reported r.t. excited-state lifetimes. It is clearly apparent from the
current literature that considerable potential exists to increase the luminescence
lifetimes of Ru (II) complexes of tridentate ligands using a combination of the
strategies outlined herein. Considering recent interest in polymthenium dendrimers and
polyrners containing tridentate ligands,49’5° the ability to make them r.t. luminescent
bodes well for future applications.
Figure 2.14 Top three complexes with the longest r.t. excited-state lifetimes.
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A series of new heteroleptic and homoleptic Ru(II) complexes containing variously
substituted bis(pyridyl)triazine ligands have been prepared and their absorption
spectra, redox behavior, and luminescence properties (both in fluid solution at room
temperature and in rigid matrix at 77 K) have been investigated. For some compounds,
X-ray structures have also been determined. The new bis(pyridyl)triazines incorporate
additional chromophores such as biphenyl, phenanthrene, anthracene, and bromo
anthracene derivatives, so the Ru(II) species can be considered as multichromophoric
species. The absorption spectra and redox properties of all the metal complexes have
been assigned to features belonging to specific subunits, suggesting these species can
5e regarded as multicomponent, supramolecular assemblies from an electronic
coupling point of view. Whereas most of the complexes exhibit luminescence
properties which can be attributed to metal-to-ligand charge-transfer (MLCT) states
involving the rnetal-based subunit(s), the species containing the anthryl and, even
more, the brominated anthryl chromophores, exhibit a complicated luminescence
behavior. For example, 2d (the anthryl-containing heteroleptic metal compound)
exhibits MLCT emission at room temperature and emission from the anthracene triplet
at 77 K; 2e (the bromo-substituted anthryl-containing heteroleptic metal compound)
exhibits anthryl-based emission at 77 K and MLCT emission at room temperature, but
with a prolonged lifetime which suggests equilibration between two triplet states
belonging to different chromophores. The equilibration regime between MLCT and
aromatic hydrocarbon triplet states is therefore reached by suitable substitution on the
organic chromophore.
2.9 Introduction
Ru(II) complexes of polypyridine ligands have been intensely researched as a result of
their excellent photophysical properties and promising applications as photo-active
devicesJ1’21 The most studied complexes are based on Ru(bpy)32 (bpy = 2,2’-
bipyridine) as they have been shown to have long-lived excited states at room
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temperature originating from their metal-to-ligand charge-transfer (MLCT) state.351
However, bpy-based complexes induce chirality at the metal centre and separation of
the diastereomers in polymetaïlic complexes, although possible,61 can lie complicated,
which lias tumed attention to achiral tridentate 2,2’:6’,2”-terpyridine (tpy) type
ligandsJ71 Although tpy is a syntlietically appealing target, on coordination to the
metal ion, the tridentate ligand imposes a smalÏ bite angle and consequently its ligand
field strength is lower than that of bpy.181 This allows thermal access to low-lying non
emissive metal-centred (MC) states and the MLCT excited-state is short lived (0.25 ns
for Ru(tpy)22j.91 Many strategies have been used to prolong excited state lifetimes of
complexes with tridentate ligands, most focusing on the manipulation of the energies
of non-emissive MC states relative to emissive MLCT statesJ’°’ One such strategy
makes use of electron deficient triazine ligands whicli function to lower the energy of
the 3MLCT state relative to the metal-centred state (Figure 2.l5).[12 13] For this type of
complexes, excited-state lifetimes were extended to $ ns at room temperature, thirty
times greater than that of the parent complex.
(PF6)2
/\
T = 025 ns
(PF6)2
RuMNJQ T8flS
Figure 2.15 Heteroleptic complex incorporating a central triazine ring compared to
the parent complex Ru(tpy)22.’31
An alternative strategy has made use of the ‘multichromophoric approach’,’41
which relies on the presence of additional chromophore(s) with a non-emissive, long
C lived triplet state of comparable energy to the 3MLCT state.4’ 153 Reversible
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population of the triplet excited state localised on the additional chromopliore(s) can
occur, thereby delaying emission from the compÏex and prolonging the MLCT excited
state lifetime, with the organic triplet behaving as an excited-state storage element for
MLCT emission. Initially this approach was used for Ru(II) complexes of bidentate,
bipyridine-type ligands,’51 later it was applied to tridentate tpy-type systems as wellJ’6’
17J Usually, the organic chromophore triplet is lower in energy than the triplet MLCT
level, however, in rare examples the reverse is obtained,117 although this makes the
multichromophoric effect less efficient.
In ail the multichromophoric species investigated 50 far, it is the MLCT state
energy which lias been modified, by polypyridine ligand substitution or selection, to fit
the suitable organic chromophore triplet energy. In this paper, we exploit the
possibility of using substituents on the organic chromophore to activate the
multichromoplioric behaviour. As suitable systems, we selected a family of Ru(II)
triazine-based complexes coupled with variously-substituted antliracene or
phenanthrene subunits. In such cases the Ru-to-triazine CI level can be lower in
energy than the either the phenantlirene or anthracene triplets, so the
multicliromoplioric beliaviour is not active in tlie simplest compounds. However,
introduction of the bromo-substituent on antliracene lowers the energy of the
antliracene components and the multichromophoric behaviour can take place.
Tlierefore, the systems investigated liere belong to the much less explored case where
the MLCT level is the lowest-energy state of the two states involved in the
equilïbration process.’ 8]
Tlie structural formulae for the studied compounds are shown in Cliart 2.1. A
bromo-substituent in the 4-position of the pendant phenyl ring allows a ‘chemistry-on
the-complex’ approacli to introduce additional organic components with varying triplet
state energies. [16, 19-23J
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Nuclear magnetic resonance (NMR) spectra were recorded in CD3CN at room
temperatutre (r.t.) on a Bmker AV400 spectrometer at 400 MHz for ‘H NMR and at
100 MHz for ‘3C NMR unless otherwise stated. Chemical shifts are reported in part per
million (ppm) relative to residual solvent protons (1.93 ppm for acetonitrile-d3) and the
carbon resonance of the solvent. Absorption spectra and emission spectra were
measured in deaerated acetonitrile at r.t. on a Cary 500i UV-Vis-NW
Spectrophotometer and a Cary Eclipse Fluorescence Spectrophotometer, respectively.
For the luminescence lifetimes, an Edinburgh OB 900 single-photon-counting
spectrometer was used, employing a Hamamatsu PLP2 laser diode as pulse
(wavelength output, 40$ nm; pulse width, 59 ps). Emission quantum yields were
measured at room temperature using the optically dilute method.241 [Ru(bpy)3]2 in air
equilibrated aqueous solution and [((bpy)2Ru(Ji-2,3-dpp))3Ru] 8+ (2,3-dpp = 2,3-bis(2’-
pyridyl)pyrazine) in deaerated acetonitrile solution were used as quantum yield
standards, assuming values of 0.028[25] and 0.005,261respective1y.
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW mukipurpose equipment interfaced to a PC. The
worldng electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internal 1
mM ferrocene/ferrociniurn sample at 395 mV vs SCE in acetonitrile and 432 mV in
DMf. The concentration of the compounds was about lmM. Tetrabutylammonium
hexafluorophosphate (TBAP) was used as supporting electrolyte and its concentration
was 0.10 M. Cyclic voltammograms were obtained at scan rates of 50, 100, 200, and
500 mV/s. For irreversible oxidation processes, the cathodic peak was used as E, and
the anodic peak was used for irreversible reduction processes. The criteria for
reversibility were the separation of 60 mV between cathodic and anodic peaks, the
close to unity ratio of the intensities of the cathodic and anodic currents, and the
constancy of the peak potential on changing scan rate. The number of exchanged
electrons was measured with OSWV, and by taking advantage of the presence of
ferrocene used as the internal reference.
C
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Experimental uncertainties are as foliows: absorption maxima, ±2 nm; molar
absorption coefficient, 10%; emission maxima, ± 5 nm; excited state lifetimes, 10%;
luminescence quantum yields, 20%; redox potentials, ± 10 mV.
Compounds Li (see later in Scheme 2.7)[27], Ru(tpy)Cl3281 9-anthrylboronic acid, 10-
bromo-9-anthryl-boronic acid and 9-phenanthryl-boronic acid [291 starting materiais
were synthesised using previously reported procedures. Solvents were removed under
reduced pressure using a rotary evaporator unless otherwise stated.
2a
A suspension of Ru(tpy)C13 (100 mg, 0.23 mmol), Li (0.23 mmoi) and AgNO3 (115
mg, 0.6$ mmoi) in ethanol (50 mL) was stirred and heated to reflux for four hours. On
cooling the solution was filtered to remove the AgC1 and the solvent was evaporated.
The resuiting solid was dissolved in minimal acetonitrile and KPf6 (5 mL, aq) was
added and the solution was diiuted with water (100 mL). The precipitate was coiiected
and dissolved in acetonitriÏe and purified by column cbromotography (Si02,
acetonitriie:aq.KNO3, 7:1). The nitrate sait was metathesized by extraction of the PF6
sait in an acetonitrile/DCM mixture in the presence of KPF6 (aq). The organic extracts
were collected and the solvent removed. The solid was dissolved in acetonitriie, and
the product precipitated by addition to water. Recrystallisation from
acetonitriie/diethyl ether afforded 2a in 55% yield.
‘H NMR (CD3CN): 9.08 (d, J= 8 Hz, 2H) H33»; 8.97 (d, J= 9 Hz, 2H) H2»,6»; 8.80 (d,
J= $ Hz, 2H) HT3’,T5’; 8.52 (d, J= $ Hz, 2H) HT3,3»; 8.49 (t, J= $ Hz, 1H) HT4’; 8.13 (td,
1= 1 Hz, 8 Hz, 2H) H44»; 8.01 (d, J= 9 Hz, 2H) H3»5»; 7.94 (td, J= 1 Hz, 8 Hz, 2H)
HT4,4»; 7.60 (d, J= 5 Hz, 2H) H66.’; 7.44 (m, 4H) HT6,6»,H5,5»; 7.13 (dd, 1= 6 Hz, 6 Hz,
2H) HT5,5». ‘3C NMR (CD3CN): 124.30, 124.97, 127.79, 128.45, 129.25, 130.97,
13 1.59, 133.25, 134.48, 137.20, 138.94, 139.09, 153.46, 154.75, 155.68, 158.38
168.55, 170.86. High Res ES-MS: Calcd. for [M-2Pf6]2 362.0131, found 362.0136;
calcd. for [M-PF6] 868.9909, found 868.9916. Anal. Calcd. For C34H23Brf12N8P2Ru.
H20: C, 39.55; H, 2.44; N, 10.85. Found C 39.94, H 2.74, N 10.83.
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3a
A suspension of RuC13.3H20 (0.10 g, 0.36 mmoi), Li (0.2$ g, 0.73 mmoi) and AgNO3
(0.1$ g, 1.1 mmoi) in DMF (10 mL) was stirred at room temperature for 20 minutes
and heated to reflux for one hour. On cooling the solution was fiitered to remove the
AgC1 and the soivent was evaporated. The resuiting solid was converted to the PF6 sait
as described above, and purified by colunm chromotography (Si02,
acetonitriÏe:aq.KNO3, 9:1). The nitrate sait was metathesized to the PF6 sait as
described above to afford 3a in 86% yield.
1H NMR (CD3CN, 400 MHz): 9.11 (d, J= 8 Hz, 4H) H3,3,,; 9.00 (d, 1= $ Hz, 4H),
H2»,6»; 8.14, (t, J= 8 Hz, 4H) H4,4,,; 8.03 (d, 1= 8.4 Hz, 4H) H3»,5»; 7.73 (d, J= 5 Hz,
4H) H6,6»; 7.40 (dd, J= 6 Hz, 6Hz, 4H) H55.. 13C NMR (CD3CN, 100 MHz): Ï 70.62,
165.52, 155.43, 154.44, 139.52, 134.25, 133.33, 131.69, 130.91, 129.59, 128.63. ES
MS: [M- PF6I 2+4410 Anal. Caicd. For C38H24Br2F1iN10P2Ru: C, 38.96; H, 2.06; N,
11.96. Found: C, 39.14; H, 1.90; N, 11.87.
General Procedure for Suzuki coupling reactions
Compiex 2a (0.060 g, 0.059 mmoi), aryiboronic acid (0.4 1 mmol), Pd(PPh3)4 (0.027 g,
40 mol%) and K2C03 (0.082g, 0.59 mmol) were added to dry degassed DMf (10 mL)
with light exciuded. The reaction mixture was heated at 110 °C for 4 h under N2. The
mixture was cooied and poured into deaerated aqueous NH4PF6 and filtered through
ceiite and the soiid coiiected in acetonitriie. The residue was chromatographed under
subdued iighting on silica gel with 9:1 ACN and aqueous saturated KNO3 solution as
eiuent. The nitrate sait was metathesized to the Pf6 sait as described above to afford
complexes 2b-d.
2b (55% yieid).
N.B. Yieids were improved if DMF degassed by three freeze pump thaw cycles.
‘H NMR (CD3CN): 9.15 (d, 1= 9 Hz, 2H) H2»,6»; 9.11 (d, J= $ Hz, 2H) H3,3,; 8.81 (d,
J= 8Hz, 2H) H13’,T5’; 8.53 (d, J= 9Hz, 2H) H13,3»; 8.48 (t, J= 8Hz, 1H) HT4’; 8.14 (m,

































132.91, 131.83, 130.96, 130.24, 130.19, 129.05, 128.48, 127.82, 127.87, 126.64,
126.45, 125.97, 125.00, 124.32. High Res ES-MS: Calcd. for [M-2PF6J2 411.0891,
found 411.0901; calcd. for {M-PF6r 999.1328, found99.1359. Anal. Calcd. For
C48H32N8RuP2F,2.2H20: C, 50.23; H, 3.16; N, 9.76. Found C, 50.63; H, 3.20; N, 9.90.
The same procedure was adopted for the synthesis of the homoleptic complexes but
using a larger excess of arylboronic acid (10 equivalents).
3b (65%)
‘H NMR (CD3CN, 400 MHz): 9.1$ (d, J= 9 Hz, 4H) H2»6»; 9.15 (d, J= $ Hz, 4H)
H3,3,,; 8.16 (t, J= 7 Hz, 4H) H4,4,,; 8.14 (d, 1= 8 Hz, 2H) H3»,5»; 7.92 (d, J= 5 Hz, 4H)
H2»,6»; 7.75 (d, J= 6 Hz, 4H) H6,6»; 7.60 (dd, J= 7 Hz, 8 Hz, 4H) H3»,5»; 7.51 (dd,
1= 7 Hz, 7 Hz) 2H) FI4»; 7.41 (dd, 1= 6 Hz, 7 Hz, 4H)
‘3C NMR (CD3CN, 100 MHz): 170.56, 170.00, 155.38, 154.76, 147.23, 139.82,
139.48, 133.99, 130.83, 130.75, 129.66, 129.25, 128.51, 128.48, 127.74. ESMS: [M
2PF6]2,437.6. Anal. CaÏcd. For C50H34F,2N10P2Ru: C, 51.51; H, 2.94; N, 12.01.
Found C 5 1.45, H 3.30, N 12.02.
3c (54%)
‘H NMR (CD3CN, 400 MHz): 9.27 (d, 1= 8Hz, 2H) ; 9.17 (d, J= 8Hz, 2H)
H3,3,,; 8.95 (d, J= 8Hz, 1H) Hphenan; 8.88 (d, J= 9Hz, 1H) Hhfl; 8.18 (t, 1=, 2H) H4,4»;
8.07 (m, 4H) 2llphenan; 7.98 (s, 1H) Hphen; 7.69-7.8 1 (m, 6H) H66, 4Hphenan;
7.43 (dd, 1= 6Hz, 6Hz, 2H) H55. ESM$: [M-2PF6]2 538.5. Anal. Calcd. For
C66FLpF12N10P,Ru. 2H70: C, 56.54; H, 3.3 1; N, 9.99. found C 56.19, H 3.50, N 10.33.
3d (8 1%)
‘H NMR (CD3CN, 400 MHz): 9.26, (d, J= 8 Hz, 4H) H6»; 9.22 (d, 1= 8 Hz, 4H)
H3,3»; 8.74 (s, 2H) 2HA; 8.22 (d, 1= 9 Hz, 4H) 4HA; 8.20 (t, 1= $ Hz, 4H) H4,4,’; 7.94
(d, J= 8 Hz, 4H) H3»,5»; 7.84 (d, J= 6 Hz, 4H) H6,6»; 7.80 (d, J= 9 Hz, 4H) 4HA; 7.62
(t, J= 7 Hz, 4H) 4HA11; 7.54 (t, 1= 9 Hz, 4H) 4HA; 7.46 (m, 4H)
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‘3c NMR (CD3CN, 100MHz): 125.96, 126.43, 126.64, 127.91, 128.64, 129.05,
130.20, 130.37, 130.93, 131.85, 132.98, 134.56, 135.87, 139.55, 145.94, 154.80,
155.48, 170.25, 170.77. Anal. Calcd. For C66H42F,2N,0P7Ru. 3H20: C, 55.82; H, 3.41;
N, 9.86. Found C 56.09, H 3.56, N 9.99.
p-(1O-bromo-anthryl)benzocarbonitrile (precursor for L2, whose formula is shown
in Scheme 2.7) [30]
A mixture of 9,1 0-dibromoanthracene (4.60 g, 0.014 mol), 4-cyanophenylboronic acid
(3.0 g, 0.02 1 mol), [Pd(PPh3)4J (2 mol%), Na2CO3 (2 M, 68 mL), degassed THF (125
mL) and toluene (50 mL) was heated at 60°C under N2 overnight. The mixture was
diluted with H20 and extracted with Et20. The combined organic layers were washed
with H20, brine and dried (Na2SO4). The solvent was evaporated and the crude product
left was charged on a silica gel column. Elution of the column with 2-10% EtOAc in
hexane gave p-(10-bromo-anthryl) benzocarbonitrile as a yellow solid (1.91 g, 38 %
yield) which was used without any further purification.
‘H NMR (CDCI3, 400 MHz): 8.63 (d, 1=8 Hz , 2H); 7.89 (d, 1=7 Hz, 2H); 7.61 (t, J=8
Hz, 2H); 7.48-7.53 (m, 4H); 7.42 (m, 2H). ‘3C NMR (CDCY3, 100MHz): 111.89,




Butylithium 1.6M (3.1 mL, 4.9 mmol) was added to a stirring solution of
dimethylamine 2M (2.5 mL, 4.9 mmol) in anhydrous diethyl ether (100 mL). The
mixture was stirred for twenty minutes under nitrogen until a white suspension was
visible. After 20 minutes, p-(10-bromoanthryl)-benzonitrile (1.6 g, 4.5 mmol) was
added and a red colour change was immediateÏy observed. The solution was stirred at
room temperature for one hour and 2-cyanopyridine (0.86 mL, 9.0 mmol) was slowly
added. A precipitate rapidly formed and the resulting suspension was stirred
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overnight. The mixture was stirred in air for a further 30 minutes and the precipitate
was fiÏtered. The soiid was recystallised from 4:1, ethanol:water and a second
recrystallisation was carried out in ethanol alone. On cooling, a precipitate formed,
which was washed with diethylether and dried to give L2 (0.90 g, 35% yield).
‘H NMR (300 MHz, CDCÏ3): 9.03-9.07 (m, 4H) H2»,6»; 8.94 (d, J = 8 Hz, 2H),
H3,3,,; 8.68 (d, J = 9 Hz, 2H) Hanth; 8.04 (td, J = 1.5, 8 Hz, 2H) H4,4»; 7.59-7.75 (m, 4H)
3Hanth; 7.46, 2H, dd (J = 6 Hz, 8Hz), ‘3C NMR (100 MHz, CDCÏ3):
121.56, 122.91, 124.62, 125.54, 126.12, 127.62, 129.1$, 129.84, 130.33, 131.40,
134.7$, 136.37, 136.79, 143.15, 150.16, 153.01, 171.43, 172.52. HighResESM$:
Calcd. for [M+H] 566.0974, found 566.0983.
2e: Alternative route (24%)
L2 (228 mg, 0.40 mmol) was added to a stirred solution of Ru(tpy)C13 (200 mg, 0.40
mmol) and AgNO3 (206 mg, 1.2 mmol) in ethanol (30 mL) with light excluded. The
reaction was heated to reflux for five hours and on cooling the solution was filtered to
remove the AgC1 and the solvent was evaporated. The resulting solid was dissolved in
acetonitrile and purified by column chromotography (Si02, acetonitrile:aq.KNO3, 7:2).
The nitrate sait was metathesized to the PF6 sait as described above to afford 2e (100
mg, 24%).
‘H NMR (CD3CN, 400 MHz): 9.34 (d, J= 8 Hz, 2H) H2»6»; 9.17 (d, J= 8 Hz, 2H)
H3,3,,; 8.85 (d, J= 8 Hz, 2H) H13’,T5’; 8.71 (d, J= 9 Hz, 2H) 2HA; 8.57 (d, J= 7 Hz, 2H)
H13,3»; 8.53 (t, J= 8 Hz, 1H) HT4’; 8.17 (t, J= $ Hz, 2H) H4,4»; 7.9$ (t, 1= 8 Hz, 2H)
HT4,4»; 7.92 (d, J= 8 Hz, 2H) H3»,5»; 7.82 (d, J= 9 Hz, 2H), 2HAfl; 7.78 (m, 2H) 2HA;
7.64 (d, J= 6 Hz, 2H) H6,6»; 7.60 (m, 2H) 2HAfl; 7.55 (m, 2H) Hi-6,6»; 7.47 (m, 2H)
7.20 (t, J= 6 Hz, 2H) HT55» ‘3C NMR (CD3CN, 100MHz): 122.28, 123.54,
124.21, 126.09, 126.54, 127.03, 127.24, 127.33, 127.69, 129.49, 129.75, 129.79,
130. 19, 130.22, 131.99, 134.25, 136.41, 138.16, 138.32, 144.15, 152.75, 153.89,
154.02, 154.93, 157.64, 162.36, 170.15. High Res ESMS: Caicd. for [M-2PF6j2
450.0443, found 450.0449; calcd. for [M-1PF6] 1045.0.540, found 1045.0530.
355
3e (Alternative Route 48 %)
L2 (46 mg, 0.082 mmoÏ) was added to a stirred solution of RuCl3.3H20 (12 mg, 0.04 1
mmol) and AgNO3 (2lmg, 0.12 mmol) in DMF (lOmL) with light excluded. The
reaction was heated to reflux for ninety minutes and on cooling the solution was
filtered to remove the AgC1 and the solvent was evaporated. The resulting solid was
dissolved in acetonitrile and purified by column chromotography (Si02, acetone: H20:
aq.KNO3, 9:0.9:0.1). The nitrate salt was metathesized to the PF6 salt as described
above to afford 3e (30 mg, 48%).
‘H NMR (CD3CN, 400 MHz): 9.39 (d, J= 8 Hz, 4H) 9.24 (d, J= 8 Hz, 4H)
H3,3,,; 8.72 (d, J= 9 Hz, 4H) 4HA; 8.22 (td, J= 1 Hz, 8 Hz, 4H) H44»; 7.95 (d, 1= 8 Hz,
4H) H3»,5»; 7.77-7.87 (m, 12H) $HA,H6.6»; 7.61 (dd, J= 9 Hz, 9 Hz, 4H) HA; 7.50
(m, 7 Hz, 4H) 13C NMR (CDC13, 100MHz): 122.33, 126.12, 126.56, 127.30,
127.35, 127.87, 129.59, 129.80, 130.15, 130.25, 132.11, 134.04, 136.37, 138.79,
144.58, 153.97, 154.75, 169.32, 169.99. High Res MS: Calcd. for [M- 2PF6J2
6 16.0418, found 616.0430, calcd. for [M- PF6] 1377.0469, found 1377.0476.
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2.11 Resuits and Discussion
Two approaches were applied to the synthesis of complexes 2a-e and 3a-e as
represented in Figure 2.16. We previously reported a classical synthetic procedure for
3c, the ‘ligand-synthesis’ approach (Figure 2.16 a), in whïch the phenanthryl group
was introduced onto the triazine ligand prior to complexation.3 Alternatively, the
brominated ligand Li can be complexed to Ru(II) affording an ideal precursor for the
‘chemistry-on-the-complex’ approach enabling the introduction of organic components







= triazine metal-binding domain
= metal complex
Figure 2.16 Two synthetic approaches to a coordination complex: a) the classical
‘ligand-synthesis’ approach, and b) the ‘chemistry-on-the-complex’ approach.
In order to evaluate the effectiveness of the ‘chemïstry-on-the-complex’ approach, we
set out to synthesise complexes 2h-e and 3h-e in this fashion (Scheme 2.7). Thus,
Ç complex 2a was synthesised by addition of Li, synthesised according to a previously
57
reported procedure,271 to a suspension of one equivalent of Ru(tpy)C13 and three
equivalents of AgNO3 in ethanol. After four hours at reflux, the resulting dark solution
was cooied, fiitered to remove AgC1 and dried under reduced pressure. The mixture
was solubilised and precipitated on addition to aqueous NH4PF6. The precipitate was
coiiected and purified by coiumn chromatography using acetonitrile: KNO3 (sat), 7:1.
The second intense red band was collected and was precipitated as its PF6 sait.
It was found that a one-pot synthesis of 3a was more successful than the two-step
approach whïch wouid involve the isolation of Ru(L1)C13 intermediate. Two
equivalents of the iigand were added to one equivalent of RuCJ3.3H20 and three
equivalents of AgNO3 in DMF. The reaction was stirred in DMF at room temperature
for 20 minutes and then reftuxed for one hour, cooied and purified as for 2a.
Complexes 2b-d, and 3b-d were synthesised using the palladium-cataiysed Suzuki
Mayauri reaction in degassed DMf by adapting known procedures (Scheme 2.7).[161
The complexes could be worked up by precipitation in aqueous NRPF6 and then
coiumn chromatography on a silica column and elution with 9:1 MeCN:KNO3(sat).
Counter-ion exchange to the PF6 saits afforded the complexes 2b-d and 3b-d.
The synthesis of 2e was attempted using the ‘chemistry-on-the-complex’ approach,
however, the reaction proceeded slowiy and the purification of 2e was problematic.
An alternative approach was taken to introduce the bromo-anthracene substituent into
the iigand prior to complexation.[3U A Suzuki-Mayauri reaction affordedp-(10-
bromoanthryl)-benzonitrile, rnodifying a published procedure to monosubstitute 9,10-
dibromoanthracene using 4-cyanophenylboronic acid. [30, 361 The p-(10-bromoanthryl)-
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Scheme 2.7 Syntliesis of complexes 2a-e and 3a-e.
The ‘H NMR spectra for complexes 3d and 3e are shown in CD3CN at 400 MHz in































protons (labelled Figure 2.17) but the signais for the anthracene-based protons in
complex 3e are significantly deshielded with respect to 3d. The disappearance of the
anthracene based singlet at position 10 probes the bromo-substitution of the anthracene
moiety.








Figure 2.17 ‘H NMR of complexes 3d (top) and 3e (bottom) at 400 MHz in CD3CN.
2.11.1 X-Ray crystallograpliy
The solid state structures of ligand L2 and complexes 2a, 2b, 3a were studied by X-ray
diffraction (Figures 2.18 and 2.19). X-Ray quality crystais of L2 were obtained by
slow diffusion of hexane into a concentrated solution of L2 in chloroform.
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Figure 2.1$ X-ray crystal structure of L2 (left) as an ORTEP representation. Thermal
ellipsoids are set at 50%. The 7t-stacking, face-to-face interactions are shown (right).
The ligand crystallises in the orthorhombic space group P212121 with four
molecules in the unit celi. The two pyridyl and phenyl rings twist away ftom the
triazine ring by 15.6 (2)°, 14.7 (2)°, and 7.0 (2)°, respectively. The pyridyl rings are
twisted twice as much as the phenyl ring due to a combination of ru-stacldng effects
between neighbouring molecules and the N-N lone pair repulsions between pyridyl-N
atoms and triazine-based N-atoms. The ligand molecules aggregate through
continuous iu-stacking interactions in the extended lattice between the anthryl-tail of
one molecule and the pyridyl head of its neighbour (Figure 2.1$). The centroid
centroid distances between the central anthryl ring and the pyridyl rings above and
below the plane are 3.30 Â and 4.4$ Â.
Crystals of complexes 2a and 3a were obtained by slow diffusion of isopropyl
ether into a concentrated solution of the complexes in acetonitrile. Complex 2a
crystallised in the triclinic space group Pï with two cations, four PF6 anions and four
molecules of acetonitrile in the asymmetric unit. The pendant phenyl rings are twisted
by 7.6 (2)° and 9.5 (2)° for both independent cations. The near co-planar
configurations are due to intramolecular H-bonding interactions between the lone pairs
on the triazine atoms N4 and N5 and the C-H on the phenyl substituent. The slight
twist is imposed by edge-to-face interactions of the phenyl ring with the pyridyl ring of
a neighbouring cation (H-centroid 2.86 Â and 3.19 Â).
NI N3
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The Ru-N bond distances are reported in Table 2.1. Longer Ru-N bond
distances are observed to the pyridyl rings for both triazine and tpy ligands due to the
constrained bite-angle imposed by terdentate ligandsJ371 The Ru-N (trz) central bond
(M- N2IN1O) is shorter than the Ru-N7 (tpy) bond distance (M- N7/N15). Ibis is
consistent with what bas previously been reported for triazine-based complexes and is
presumably due to the improved it-acceptor properties in the electron-deficïent triazine
ligand.’3 The Ru-N (tpy) bond distances are consistent with those previously reported
“+ [381for Ru(tpy)2-
Table 2.1 Selected bond distances and angles from the X-ray structures of complexes
2a, 2b and 3a.
2a 2b 3a Ru(tpy)22
Bond distances (À)
M—Ni 2.089(4) 2.106(4) 2.084(4) 2.096(5) 2.07(1)
M—N2 (trz) 1.957 (4) 1.966 (4) 1.955 (3) 1.972 (5) 1.99 (1)
M—N3 2.101 (4) 2.083 (4) 2.081 (4) 2.085 (5) 2.05 (1)
M—N6 2.065 (4) 2.081 (4) 2.084 (4) 2.09 (1)
M—N7 1.986 (4) 1.985 (4) 1.985 (3) 1.96(1)
M—N8 2.075 (4) 2.067 (4) 2.054 (4) 2.07 (1)
Bond Angles (°)
Ni— M
— N3 155.60 (15)b 155.7 (7)b 155.60 (16)b 155.45 (19) 158.1 (4)
N6 — M — N8 157.34 (16)c 157.6 (2)c 158.08 (16f 158.2 (4)
Trz-phenyl twist 7.60 (24) 9.47(24) 4.60 (22) 14.7 t (47)
Phenyl-phenyl twist 26.35 (24)
a Data from referenceJ381 b N- M- N tridentate bite angle for triazine ligand. C N- M- N
tridentate bite angle for tpy ligand.
h can be noted that the tridentate bite angles N-M-N in the triazine-based ligands
are smaller (155.5-155.6 0) than those in the tpy-based Ïigands (157.4-158.2 o)• The
additional N-atoms in the triazine ring distorts the ring angles away from the ideal 1200
in benzene significantly more than in the central pyridyl ring of tpy. This will bave a
negative effect on the ligand field strength thereby facilitating thermal access of metal
centred-states (see later).
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(D Compiex 3a crystallises in the monoclinic space group C2/c and was
isostmctural to the reported Fe(ll), Co(II) and Cu(II) complexes of L1.27’391 Short
bromine-bromine contacts are observed in the soiid state and these interactions are
smalier than the sum of the Van der Waals radii (3.48 Â). In the absence of stabilizing
it-stacidng interactions these contacts influence the cationic airangements in the
extended lattice.
Efforts to obtain crystais of 2b as the PF5 sait were unsuccessfui using a
variety of soivent conditions. However, addition of an excess of ammonium
tetraphenylborate to the acetonitrile solution aiiowed sait exchange and the compiex
was crystaliised as a mixed sait containing one PF5 and one BPh4 anion per cation.
The Ru-N bond distances and angles are very similar to those of complex 2a indicating
that the substitution on the periphery has littie effect on the metal centre. The phenyl
ring closest to the triazine ring is twisted by 4.6 (2)° in a near co-planar interaction.
The second phenyl ring is twisted
C-C bond by 26.4 (2)° which is consistant with the twist reported for Ru(II) complexes
of biphenyi-tpy type systemsJ371 Edge-to-face interactions between biphenyi tails
promote the twists about the interannuiar C-C bond. 11e inner-phenyl ring face has a
short contact with the outer-phenyl edge of a neighbouring cation (H-centroid 2.71 Â).
An additionai edge-to-face interaction is observed with a short contact of the face of




Table 2.2 Half-Wave Potentials for Ru(II) Complexes 2a-d and 3a-d.
E117(oxidn) E1p(redn)
2a 1.43 (79)
-0.75 (64) -1.37 (68) -1.62 (107)
2b 1.40 (71)
-0.78 (53) -1.39 (66) -1.65 (82)
2e 1.45 (80) -0.81 (82) -1.45 (90) -1.71 (90)
2d 1.29 (64) 1.43 (98) -0.77 (48) -1.39 (62) -1.64 (70)
2e 1.43 (91) -0.77 (74) -1.40 (79) -1.66 (80)
3a 1.53 (76)
-0.71 (50) -0.87 (55) -1.51 (70) -1.71 (128)
3b 1.53 (82) -0.78 (84) -0.97 (50) -1.58 (50) -1.79 (138)
3c 1.53 (70)
-0.73 (53) -0.89 (45) -1.55 (77) -1.78 (72)
3d 1.32 (42) 1.61 (irr) -0.74 (48) -0.91 (50) -1.55 (64) -1.80 (61)




Figure 2.19 X-ray crystal structure of 2a (left), 2b (central) and 3a (right) as an
ORTEP representation. Thermal ellipsoids are set at 50%. The anions and H atoms
have been omitted for clarity.
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C
a Potentials are in volts vs SCE for acetonitrile solutions, 0.1 M in TBAP, recorded at
25 ± 1 C at a sweep rate of 200 mV/s. The difference between cathodic and anodic
peak potentials (millivolts) is given in parentheses. [b] Data from reference [31 J. [e]
Data from reference [40].
Complexes 2a-c and 2e ail have one reversible oxidation assigned to the Ru(Tll)/(II)
couple as noted for similar complexesJ’3 However, complex 2d lias two oxidative
processes, the first reversible process is assigned to an anthracene-based oxidation and
the second quasi-reversible process is assigned to the Ru(III)/(I1) couple. The
Ru(llI)/(fl) couple is at approximately the same potential as in the other complexes
indicating the anthracene component is electronically separated from the Ru(IT) metal
centre. Jrnroduction of the bromo-substituent significantiy affects the oxidation
potential of the anthracene moiety so that an initial Ru(III)/(II) couple is observed
closeiy followed by the anthracene oxidation. However, the anthracene-based
oxidation is highly irreversible and therefore masked by the Ru(III)/(II) couple and
cannot 5e resoived.
All heteroleptic complexes, 2a-e, have three one-electron reductions which are
assignable by comparing them to previousiy reported results.’31 The first reduction is
triazine-based and is observed at a less negative potential than in the parent complex
Ru(tpy)22 due to the ease of reducing the electron-deficient bis(pyridyl)-triazine
ligands compared to tpy.131 The second reduction is tpy-based and compares well with
the reduction of the parent complex Ru(tpy)22. The third reduction is assigned to a





Figure 2.20 Cyclic voltammogram of complex 2d in acetonitrile with 0. 1M TBAPF6.
The homoleptic complexes 3a-b have reversible Ru(III)/(II) couples at a more
positive potential than the heteroleptic complexes as a resuÏt of the electron-deficient
bis(pyridyl)-triazine ligands drawing electron density away from the Ru(ll) metal
centres. The anthracene-substituted complex 3d lias an additional oxidation consistent
with an anthracene-based oxidation as in 2d.
Complexes 3 have several reversible ligand-based reductions. There are two
one-electron reductions on each triazine to give a total of four reductions. The
separation between the second and third reduction processes is in the range 6 10-660
mV for ail of the complexes (leaving aside 3e, whose ineversible third process makes






2.11.3 Absorption spectra and photophysical properties
The electronic absorption and photophysical data of the new complexes are shown in
Table 2.3. Representative absorption and emission spectra are shown in Figures 2.21-
2.25. The absorption spectra are dominated by ligand-based spin-allowed it 2t and
n—÷ ir transitions in the UV region of the spectra and by ‘MLCT absorption bands in
the visible region (Table 2.3, Figures 2.21 and 2.22). Complexes 2a-e have a relatively
sharp ‘MLCT absorption hand with the max conesponding to the transition involving
the tpy ligand. A low energy shoulder corresponds to the singlet MLCT transition
involving the bis(pyridyl)triazine 1igands.’31 Complexes 2d and 2e have additional
characteristic sharp, high energy transitions corresponding to the it —*t transitions
associated with the anthracene component (Figure 2.2l).42431 The same absorption
features are observed in the homoleptic complexes 3d and 3e. The ‘MLCT hands in
the homoleptic complexes are broader and the visible maxima are red-shifted
compared with the spectra of complexes 2a-e, as a consequence of the missing of the
higher energy MLCT transitions involving the tpy ligandJ131
X, nm














Figure 2.22 Absorption spectra of compounds 3a (straight une), 3d (gray une) and 3e
(bold une).
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Table 2.3 Spectroscopie and photophysical data of the complexes in deaerated
acetonitrile solution (29$ K) or in butyronitrile rigid matrix (77 K).
2a
Compound Luminescence 298 K Luminescence 77 K
ma’ nm , flS nm t











max, nm (s, M’cm’)
282 (53.5); 301 (59.6)
476 (21.7)
273 (59.0); 301 (52.2)
332 (48.6); 478 (27.7
254 (83.1); 273 (79.9)
299 (73.2); 331 (34.3)
477 (26.3)
254 (121.4); 282 (55.7)
299 (56.5); 364 (14.4)
383 (12.3): 477 (25.7)
258 (59.3); 272 (35.7)
281 (36.1); 298 (34.6)
330 (sh); 357 (9.2)
377 (9.1); 397 (8.3)
478 (15.4)
279 (50.9); 295 (50.6)
491 (27.5)
276 (64.7); 339 (49.6)
501 (26.5)
206 (86.1); 253 (85.6)
274 (74.7); 328 (sh)
491 (21.1)
254 (145.1); 280 (46.7)
346 (16.4); 364 (14.9)
383 (12.9); 494 (20.7)
258 (155.6); 279 (60.7)
357 (15.6); 377 (18.2)
397 (17.3); 493 (26.8)
733 1.OxlOEt 10 695 1.9s
734 0.9x1OE4 13 694 2.0.ts
735 1.OxlOE4 13 694 3.4ms
738 0.5x1OE4 54 695 3.4 ms
714 <10 2 676 2.0is
682 2.2




The room temperature emission of the heteroleptic 2a-e complexes can be assigned to
triplet MLCT states involving the bis(pyridyl)triazine ligands, on the basis of the
energies and shapes (Table 2.3, Figures 2.23 and As far as the homoleptic
3a-e species are concerned, only 3a and 3c exhibit a sizeable room temperature
emission, assigned to the lowest-lying MLCT triplet state, whereas 3b and 3d-e do flot
emit at room temperature. This is probably due to the lowering of the energy of the
metal-centered (MC) state, as a consequence of increased distortion in the octahedral
geometry exhibited by the homoleptic compounds compared to the lieteroleptic
species, as supported by comparison between crystallographic data of 2a and 3a. Such
a lowering of the MC state makes this latter level doser in energy to the MLCT one, so
thermal activated surface crossing to the MC state is very efficient and finally leads to
very fast radiationless decay which prevents luminescence.
I, au.
640 690 740 790 840 ?. nm 890
Figure 2.23 Unconected emission spectra of compounds 2a (bold line) and 2e (straight
une) in acetonitrile solutions at room temperature. For conected maxima values, see
Table 2.3.
In the whole series of complexes, varying the substituent in the para-position of the
phenyl ring bas little effect on the energy of the MLCT absorption and emission hands,
indicating that the aryl-groups are largely electronically separated from the Ru(fl)
C
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centre and the MLCT states associated with it. However, the excited state lifetimes are
influenced to a greater extent: in fact, whereas complexes 2a-d have excited state
lifetimes between 10 and 13 ns, approximately fifty-times longer-lived than the parent
complex, Ru(tpy)22 at room temperature, and well comparable with those of other
Ru(I1) triazine-based compounds,’31 the excited state lifetime of 2e is signifïcantly
longer (Table 2.3). Indeed, hydrocarbon aromatic chromophores appended to metal
complexes can prolong MLCT emission lifetimes.’6’ 17] However, biphenyl,
phenanthryl, and anthryl groups, which are present in 2b, 2c, and 2d, respectively,
have no sizeable effect on MLCT lifetime at room temperature. The reason is that the
lowest energy MLCT state in these complexes is so low-lying that thermal population
of the relevant aromatic organic triplets (whose Ïowest energy one is that of the 9-aryl-
anthracene chromophore, at about 685 nm [16. 42, 431) is ineffective, also taldng in
consideration the intrinsic decay rates of aromatic hydrocarbons and MLCT triplets. As
far as complex 2e is concerned, this species bears a brominated anthracene and the
electron-withdrawing effect of the bromo substituent lowers the energy of the
anthracene-based triplet state. Actually, comparison between the triplet state of
anthracene (14870 cm’)42’441 and 9-bromo-anthracene (14400 cm 345j suggests that
a bromo substituent stabilises the anthracene-based triplet state by about 500 cm1.
Assuming the same effect in the present systems, and considering that the triplet state
of the aryl-anthracene Ru(ll) complexes is at about 685 nm (see above), as also
evidenced by the low temperature emission of similar complexes,’61 the triplet state of
the bromo-anthryl subunit in 2e should lie at about 705 nm at room temperature. As a
consequence, the lowest energy triplet state of the aromatic anthryl-based chromophore
in 2e becomes low enough to make equilibration between MLCT and anthryl-based
triplets effective so that the multichromophoric effect can take place.
On cooling to 77 K in a butyronitrile rigid matrix the excited state lifetimes of
complexes 2a-e, as expected, are prolonged relative to room temperature. This effect is
much larger for 2d and 2e whose luminescence lifetimes in this condition are three
orders of magnitude longer compared to those of 2a-c (Table 2.3). The shape of the
emission is also different for 2d and 2e (in particular for the 2d species, for which the
C higher-energy band is quite narrow) compared to those of 2a-c (Figure 2.24). The
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lifetime and shape of the emissions clearly indicate that emission of 2a-c are stili from
MLCT states, whereas for 2d and 2e emission has to be assigned to phosphorescence
from the anthracene-based triplet states. In fact, CT states are destabilized on passing
from room temperature fluid solution to 77 K rigid matrix,3’46’471 whereas the energy
of organic triplets is essentially unperturbed by media conditions: since MLCT and
anthryl-based triplet states are relatively close one another in 2d and 2e, the energy
order of the two states is inverted on passing to 77 K, an already reported behavior for
Ru(II) complexes containing anthracene derivatives.481
I, a.u.
11e 77 K emissions of 2d and 2e both maximize at 695 nm. Surprisingly, 2d
and 2e have the same emission maximum in this condition, suggesting that the
presence of the bromo substituent is less important in rigid matrix, as opposed to what
happens at room temperature (see above). Indeed, it was expected that the emission
energy of 2e would be slightÏy lower than that of 2d: we have no simple explanation
for this behavior, we could only infer that potential intermolecular interactions
involving the bromine can occur in rigid matrix for 2e (ami 3e), maldng the presence of
the bromo substituent on the anthracene less effective.
, nm
Figure 2.24 Uncorrected emission spectra of compounds 2b (straight une), 2d (gray
line), 2e (bold gray une) and 3a (bold une) in butyronitrile rigid matrix at 77 K.
72
As far as the homoleptic 3a-e complexes are concerned, aIl of them exhibit
long-lived luminescence at 77 K, similar to the behavior of their heteroleptic
counterparts (Table 2.3). The sarne une of reasoning used for the 77 K emission of 2a-
e allows us to assign the emission of 3a-c to MLCT states and the emission of 3d and
3e to anthracene-based phosphorescence. At 77 K thermal population of the upper
lying MC states is not effective, so allowing luminescence from the homoleptic
species. Interestingly, whereas the emission energies of 3d and 3e are identical to those
of 2d and 2e, confirming their common anthryl-based origin and the constant energy
level of the relevant aromatic hydrocarbon on passing from hetero- to homo-leptic
compounds, the emission energies of 3a-c are slightly higher than those of the
corresponding 2a-c species, in agreement with the redox potentials and supporting
once more their MLCT origin.
2.12 Conclusion
We prepared a series of new hetero- and homoleptic Ru(II) complexes based on
bis(pyridyl)triazine ligands and studied their absorption spectra, redox behavior, and
luminescence properties, both at room temperature in fluid solution and at 77 K in rigid
matrix. In some complexes, anthryl groups are linked to the triazine-based ligands.
At room temperature the excited-state lifetimes of the heteroleptic complexes 2a-e are
significantly longer than that of the parent complex, Ru(tpy)? and the homoleptic
triazine complexes 3a-e. The presence of the triazine ligand lowers the energy of the
ligand based orbitais and, therefore, MLCT states, whist the metal-centred states are
maintained at higher energy in complexes 2a-e by the presence of an orthogonal tpy
ligand. In homoleptic triazine complexes 3a-e, the MC states are lower in energy due
to the small tridentate N-M-N bite angle as observed in the solid state. As a
consequence a minimal improvement is observed in the excited state properties of
complexes 3a-e compared to the parent complex Ru(tpy)22t
Introduction of additional chromophores can have an impact on the excited
state lifetime when the energy of the organic component is comparable to the energy of
the 3MLCT state. This result is obtained by tuning the excited-state energy of the
C anthracene subunit with the introduction of a bromo substituent. The lowering in
73
(E energy of the 3bromo-anthracene excited state, which can then interact with the
emissive 3MLCT state in complex 2e, extends the excited state lifetime to 54 ns at
room temperature as cornpared to an excited state lifetime of 13 ns for complex 2d,
bearing an unsubstituted anthracene. The use of stronger electron-withdrawing (cyano)
and electron delocalising (acetylene) groups to further tune the excited-state energy of
the anthryl chromophore, and therefore the MLCT luminescence lifetime, will 5e
investigated in due course.
CCDC-6 19166
— 619169 contains the suppÏementary crystallographic data for this
paper. This data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via other www. ccdc. cam. ac. uWdata_request/ctf
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Ru(II) and Zn(II) complexes of multicomponent ligands have been synthesised and
characterised incorporating triazine-based coordinating motifs with pendant
phenanthryl and phenyl-phenanthryl groups. At room temperature the ligands emit
from intra-ligand charge-transfer (ILCT) states the energy of which may be lowered
significantly by metal-ion coordination (e.g. Zn(II)). The ILCT state is efficientÏy
quenched in the Ru(II) complexes by energy transfer to a low-lying metal-to-ligand
charge-transfer 3MLCT state.
Metal complexes of N-heterocyclic ligands remain a topic of intense research due to
their favourable photophysical properties and promising device applications for the
conversion of light into chemical energy»41 Metal complexes of d6 metal ions are of
particular interest as they typically have absorption hands in the visible region of the
spectrum due to metal-to-ligand charge-transfer (MLCT) states which may result in an
emission from a 3MLCT state. The excited-state lifetimes of sucli complexes are
usually limited, however, by non-radiative deactivation through low-lying metal
centred states, which may be easily popuÏated at room temperature, or by rapid
deactivation of low energy 3MLCT states Via the energy gap iawJ571 As a
consequence there lias been significant attention to the development of ligands with
Ïow energy intra-ligand charge-transfer (TLCI) states which give rise to relatively long
excited state lifetimes on complexation to metals without non-emissive MC states, e.g.
Zn(ll).8’°1 Such an approacli requires multicomponent ligands that contain a metal
ion binding domain, which also plays the role of an electron acceptor, and an electron
donating motif, which is electronically separated from the acceptor (Figure 3.1). The
coordinating motifs are largely based on the tridentate 2,2’:6’,2”-terpyridine (tpy) or
79
bidentate 2,2’-bipyridine (bpy) ligands and a relatively facile reduction is an essential
prerequisite in order to play the role of electron-acceptor. The role of electron donor
can 5e played by any organic component which is relatively easy to oxidise, and fused
polyaromatics have been the components of choice for this ro1e.9’ 11-141
1111q
CT CT
H or M (Q)
tZ Electron rich
Electron poor
Figure 3.1 The energy of the intra-ligand charge-transfer (LLCT) emission from the
ligand can be modulated by metal ion coordination.
In the free ligands, the ILCT-based emission is rarely observed as the coordinating
motif lias limited electron-accepting capabilities. However, metal coordination or
protonation diminislies electron density on tlie ligand improving its electron-accepting
properties. Consequently, tlie energy of the 1ILCT state is significantly lowered,
permitting emission from this state. For example, tpy-based ligands witli fused
arornatic rings attached to directly to the central pyridine have previously been
complexed to Zn(ll), Ru(ll), Os(ll), fr(III) and Pt(II) metal ions,9’ t2t5J and in the
complexed and protonated forms the ‘ILCT and 3ILCT emission bands have been
observed.
Herein, we report the synthesis and characterization of triazine-based Ïigands
with fused phenanthrene moieties appended directÏy or through a phenyl spacer to a
/h high energy /h Iow energy
$0
tridentate binding motif. The triazine component is significantly easier to reduce than
tpy and, consequently, the ILCT state is stabilised and emissive in the case of Zn(li)
complexes.










Scheme 1 Synthesis of triazine ligands Li and L2.
The precursors 9-cyano-phenanthrene or p-phenanthryl-benzonitriÏe were synthesised
by modifications of previously pubÏished procedures. Ligands Li and L2 were
synthesised by a triazine ring-forming reaction.’6’ 17] LiNMe2 was generated in-situ by
slow addition of BuLi to a stining solution of HNMe2 in anhydrous diethyl ether. On
formation of a white suspension, 9-cyano-phenanthrene or p-phenanthryl-benzonitrile
were added and an amidinate intermediate was formed. Two equivalents of 2-
cyanopyridine were added to the reaction mixtures and cyclisation followed by
aromatisation yielded Li and L2 in 13% and 42% yield, respectiveÏy. The synthesis of
Li was siower and gave poorer yields on comparison to L2 due to the steric
encumbrance of the peri-hydrogen of the fused benzene ring adjacent to the central
cyanated ring. In addition, the amidinate intermediate may be stabilised by a C-H to N
C
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intramolecular H-bonding interaction between the peri-hydrogen and amidinate N,
which could influence the cyclisation reaction.
The Ru(II) complexes were synthesised from the reaction of RuCJ3.3H20 in
DMF, with two equivalents of the appropriate ligand in the presence of three
equivalents of AgNO3 as a dechiorinating agent (Figure 3.2). The mixture was stirred
at room temperature for 20 minutes and then heated to reflux for an hour. On cooling,
the complexes were converted to the PF6 saits and purified by column chromatography
using acetone: waters KNO3 (sat), 9:0.9:0.1. The intense red bands were collected and
precipitated as PF5 saits to isolate complexes 2a and 2b as red solids in 23% and 66%
yieÏd, respectively. Complexes 3a and 3b were obtained by addition of
Zn(C104)2.6H20 to two equivalents of the ligand in acetonitrile (Figure 3.2). The
mixture was refluxed for 15 minutes and then cooled and the solvent was removed
under reduced pressure. Recrystallisation from ethanol, and then acetonitrile/diethyl
M= Rufil) 2a M= Ru(U) 2b
M= Zn(II) 3a M= Zn(II) 3b
Figure 3.2 The Ru(II) and Zn(II) complexes employed in this study.
G
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ether afforded complexes 3a and 3b as yellow solids in 74% and 70% yield,
respectiveiy.
The solid state structures of complexes 2a and 2b were studied by X-ray
diffraction techniques. Crystais were obtained by slow diffusion of isopropyl ether in
an acetonitrile solution of the complex. Efforts to obtain crystals of 2a as the PF6 sait
were unsuccessful. Addition of excess NBu4BF4 in acetonitrile to an acetonitrile
solution of 2a(PF6)2 enabled anion exchange to occur and red plates suitable for
anaiysis could be obtained.
Complex 2a crystallises in the non-centrosymmetric, orthorhombic space group Pna21
with four molecules in the unit celi. Face-to-face it -stacking interactions are observed
N4 N5
Figure 3.3 X-ray crystal structure of 2a and 2b as ORTEP representations. Thermal
elÏipsoids are set at 30%. The anions and H atoms have been omitted for cÏarity.
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above and beÏow one of the two phenanthryl rings in complex 2a. Above the plane, the
pendant ring on the phenanthryl group lias an offset stacking interaction with a pyridyl
ring on a neighbouring cation (centroid-centroid distance 3.42 Â). Face-to-face t
stacking interactions with the second phenanthryl ring on a neighbouring cation are
observed below the plane (centroid-centroid distance of 3.63 À). Complex 2b
crystallises in the monoclinic space group C2/c with 8 molecules in the unit celi.
Significant disorder is observed on one of the phenanthryl rings with two favoured
orientations of approximately equal occupancy factors (only one orientation is given in
Figure 3.3 for clarity). Face-to-face t-stacldng interactions are observed for both
phenanthryl rings with pyridyl rings of neighbouring cations (centroid-centroid of 3.92
Â and 4.03 Â) simiïarly to those found in complex 2a. In both 2a and 2b the M-N
distances to the central triazine rings are shorter than to the peripheral pyridyl rings.
This is expected on comparison to Ru(tpy)22-based crystal structures, due to the
constrained bite angle observed in the coordination of tridentate 1igands.181 The
phenanthryl rings in complex 2a are twisted by 33.4 (2)° and 31.8 (2)° relative to the
triazine rings. In complex 2b the phenanthyl rings are further twisted relative to the
phenyl spacer by 54.6 (3)° or 50.6 (3)° for the disordered rings and 53.1 (2)° for the
second phenanthryl ring. This difference is due to unfavourable H-H interactions,
ortho to the interannular bond in 2b, whereas N-lone pairs in the triazine ring are
available to H-bond to the phenanthryl ring in 2a.
The electrochemistry of the ligands and complexes was studied in acetonitrile. One
reversible reduction is observed for Li and L2 at -1.50 V and -1.52 V, respectively,
centred principally on the triazine ring. On complexation, significant positive shifts
(7 10-780 mV) are observed for this reduction due to the electron depletion ofthe
triazine by the metal ion. In each complex, four triazine-based reductions are observed
corresponding to two reductions on both coordinated triazine ligands. The reduction
potentials are flot significantly different in the Ru(II) and Zn(ll) complexes. In
addition to the reductive processes, Ru(II)/(III) couples are observed at similar
potentials to those reported for Ru(II) complexes of related trïazine ligands J’61
C
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Table 3.1 Spectroscopic and electrochemical data in CH3CN solutions at 293K.a
Absorption Emission Electrochemistry
max’ nm (, M’cm1 X 10) max nm Ejp(ox) E1p(red)
Li 245 (47.8) , 250 (50.5), 268 (30.3), 470
-1.50
318 (8.5)
L2 254 (54.7), 276 (39.7), 317 (13.4) 477
-1.52
2a 253 (85.6), 274 (74.7), 334 (18.5),
- 1.52 -0.72 -0.89 -1.52 -1.75
491 (21.1)
2b 206(86.1),253(85.6),274(74.7),328 - 1.53 -0.73 -0.89 -1.55 -1.7$
(sh),491 (21.1)
3a 253 (115.5), 279 (55.4), 290 (53.8), 392 560 -0.74’ -0.86 -1.52 -1.72
(25.9)
3b 254 (114.3), 289 (78.5), 366 (20.2) 588 0•78b
-0.91 -1.61 b
Potentials are in volts vs SCE for acetonitrile solutions, 0.1 M in TBAP, recorded at
25 ± 10 C at a sweep rate of 200 mV/s. Unless otherwise stated couples are reversible. b
frreversible; potential is given for the cathodic wave.
figure 3.4 Electronic absorption spectra of L2 (solid une) in acetonitrile and the




















(E emission spectra of L2 in air equilibrated acetonitrile (solid une) and toluene (dashed
une) at 295 K (right).
The electronic absorption spectra of Li and L2 consist of high energy absorption
bands corresponding to 7tiI* transitions on both the dipyridyl-triazine motif and the
phenanthrene substituent. In Figure 3.4, the absorption spectra of L2 and of the
precursor p-phenanthryl-benzonitrile are compared in DCM. The additional low
energy shoulder observed at 317 nm in L2 (318 nm in Li, Table 3.1) contains
contributions ftom an ILCT hand, involving electron-donation from the phenanthryl
group to the triazine motif, and phenanthryÏ-based rt —t transitions as seen by the
overlap with the precursor. The triazine ligand should flot contribute to this shoulder
as nir* transitions of a phenyl-substituted triazine ligand lie below 300 nm.’61
Ligand-centred t- it * emissions are observed at 470 nm and 477 nm for Li and L2,
respectively, in air equilibrated acetonitriÏe, although the hands are broad and
featureless, suggesting that they are CT in nature as previously described for related
tpy systemsJ121 The emission bands shift to longer wavelengths in more polar
solvents such as acetonitrile, indicative of charge-transfer behaviour. This emission
most likely results from near iso-energetic LC and 1ILCT states.
Excitation into the ‘MLCT hand of the Ru(II) complexes 2a and 2b at room
temperature resuits in weak ernissions at approximately 710 nm, presumably weakened
by a MC-deactivation of the 3MLCT state.’61 The Zn(II) complexes are emissive at
room temperature at 560 and 588 nm for 3a and 3b, respectively, when excited into the
ILCT absorption hand at 330 nm (Figure 3.5). Assuming the phenanthryl rings are
electronically separated from the triazine or phenyl-triazine rings, the lower energy
excited state of L2 and complex 3b may be attributed to the presence of the additional
phenyl spacer enhancing delocalisation and stabilising the excited state of the triazine
motif. The photophysical properties of Zn(phen-tpy)C12, in which a 9-phenanthryl ring
is appended to the 4-position of the central pyridine ring in tpy, has a ILCT-based




Figure 3.5 Electronic absorption and emission spectra (inset) of complexes 3a (solid)
and 3b (dashed-line) in aerated acetonitrile.
In sunnnary, two new triazine-based ligands have been synthesised with a phenanthryl
group appended directly onto the triazine ring or via a phenyf spacer. The
spectroscopic and electrochemical results indicate that the distance between the
phenanthryl and triazine group has minimal effect on the spectroscopic properties of
the free ligands and the Zn(II) and Ru(II) complexes. The ligands are emissive at room
temperature most likely through a combination of LC and ILCT states. The addition of
Zn(II) to the ligands increases the acceptor ability of the dipyridyl-triazine core thus
lowering the energy of the ILCT state. In the Ru(ll) complexes, the ILCT state is
quenched by a lower lying 3MLCT state, which may deactivate non-radiatively through
metal-centred states. Further experiments are in progress to study the effect of varying
the nature of the polyaromatic ring on the photophysical properties of the complexes
and will 5e reported in due course.
CCDC-6 16592 & 616593 contains the supplementary crystallographic data for this
paper. This data can be obtained free of charge from The Cambridge Crystallographic
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Ru(II) and Zn(II) complexes of multicomponent ligands incorporating triazine
based tridentate ligands.
Experimental
1) Materials and Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded in CDC13 or CD3CN at
room temperature (r.t.) on a Bruker AV400 spectrometer at 400 MHz for ‘H NMR.
Chemical shifts are reported in part per million (ppm) relative to residual solvent
protons (1.93 ppm for acetonitrile-d3). Absorption spectra were measured in
acetonitrile at r.t. on a Cary 500i UV-Vis-NR Spectrophotometer and emission spectra
in deaerated acetonitrile on a Cary Eclipse Fluorescence Spectrophotometer.
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW multipurpose equipment interfaced to a PC. The
working electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internai 1
mM ferrocene/ferrocinium sample at 395 mV vs SCE in acetonitrile. The concentration
of the compounds was about 1 mM. Tetrabutylammonium hexafluorophosphate
(TBAP) was used as supporting electrolyte and its concentration was 0.10 M. Cyclic
voltammograms were obtained at scan rates of 50, 100, 200, and 500 mV/s.
Experimental uncertainties are as follows: absorption maxima, ±2 nm; molar
absorption coefficient, 10%; emission maxima, ± 5 nm; redox potentials, ± 10 mV.
2) Synthesis
Metal saits and other chemicals (Aldrich) were used as supplied. 4-
Cyanophenylboronic acid was synthesised according to a lïterature procedure.’1 The
synthesis of 9-cyano-penanthrene and p-phenanthryl-benzonitrile was based on(J previously published proceduresJ2’31
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9-cyano-phenanthrene
A mixture of 9-bromo-phenanthrene (2.83 g, 0.011 mol), K4[Fe(CN)6J.3H20 (0.99 g,
2.35 mmol), Pd(OAc)2(12 mg, 0.5 %), Na2CO3 (1.13 g, 0.011 mol) and DMA (75 mL)
was heated at 120 oc under N7 for 3 hours. The reaction mixture was cooled and
diluted with EtOAc (200 mL). The resulting slurry was extracted 3 times with
NFLOH (5%, aq) and the organic extracts drïed over Na2SO4. The solvent was
removed to afford 9-cyano-phenanthrene as a white solid (1.56 g, 70%)
‘H NMR (cDcl3, 400 MHz): 8.70-8.75 (m, 2H); 8.32 (m, 1H); 8.27 (s, 1H); 7.95 (dt,
J= $ Hz, 1 Hz, 1H); 7.68-7.84 (m, 4H).
The ‘H NMR spectrum conesponded to a previously published spectrumJ41
p-phenanthryl-benzonitrile
A mixture of 9-bromo-phenanthrene (1.40 g, 9.35 mmol), 4-cyano-phenylboronic acid
(2.05 g, 0.0 14 mol), [Pd(PPh3)4] (5 mol%), Na,c03 (2 M, 47 mL),THF (100 mL) and
toluene (40 mL) was heated at $5 °C under N2 overnight. The mixture was diluted with
H20 and extracted with Et20. The combined organic layers were washed with H20,
brine and dried (Na2SO4). The solvent was evaporated and the crude product left was
charged on a silica gel column. Elution of the column with 2% EtOAc in hexanes gave
p-phenanthryl-benzonitrile as a white solid (1.00 g, 38% yield).
‘H NMR (CDc13, 400MHz): 8.80 (d, J = 8 Hz, 1H), 8.74 (d, J = 8 Hz, 1H), 7.91 (dd J
= 1 Hz, 8Hz, 1H), 7.63-7.82 (m, 9H), 7.57 (td, J = 1 Hz, 8Hz, 1H). ‘3c {1H} NMR
(CDc13, 100MHz): 110.89, 118.60, 122.26, 122.81, 125.83, 126.52, 126.54, 126.80,
126.80, 126.92, 127.59, 128.50, 129.80, 129.88, 130.32, 130.47, 130.77, 13 1.83,




cD BuLi (1.6M in hexanes, 5.10 mL, 8.13 mniol) was added dropwise to a stirred
solution of HNMe2 (2M in THF, 4.10 mL, 8.13 mmol) in anhydrous Et20 (150 mL)
under an inert atmosphere. The mixture was stirred until a white suspension formed
(20 minutes) after which 9-cyano-phenathrene (1.50 g, 7.39 mmol) was added. The
mixture was stirred for another 4 hours at which time 2-cyanopyridine (1.44 mL, 15.0
mmol) was added. The reaction mixture was stined overnight under nitrogen and for a
further 30 minutes in air. Et20 was removed under reduced pressure and the residue
was recrystallised three times from water: ethanol (1:3). The solid was collected and
washed with Et20 to afford Li as a white powder (0.38 g, 13% yield).
1H NMR (CDC13, 400 MHz): 8.96-8.92 (m, 3H) H6,6 Hphenan; 8.82-8.86 (m, 3H) H3,3
Hphenan; 8.75-8.77 (m, 2H) 2Hphenan; 8.09 (d, J = 8 Hz, 1H) Hphen; 7.98 (td, J = 2, 8 Hz,
2H) F14,4»; 7.65-7.78 (m, 3H) 3Hphen; 7.56 (dd, J= 5Hz, 5Hz, 2H) ‘3C {‘H}
NMR (CDC13, 100 MHz): 122.33, 122.74, 124.71, 126.18, 126.27, 126.56, 126.68,
126.83, 128.24, 128.98, 129.74, 130.41, 130.68, 13 1.55, 132.05, 132.73, 136.95,
150.11, 152.87, 171.08, 175.29. Anal. Calcd. For C27 H17 N5.(H20): C, 75.51; H,
4.46; N, 16.3 1. Found: C, 76.01; H, 4.38; N, 16.34.
L2
BuLi (1.6M in hexanes, 2.95 mL, 4.72 mmol) was added dropwise to a stirred
solution of HNMe2(2M in THF, 2.36 mL, 4.72 mmol) in anhydrous Et20 (150 mL)
under an inert atmosphere. The mixture was stirred for 20 minutes until a white
suspension formed and p-phenanthryl-benzonitrile (1.20 g, 4.29 mmol) was added to
the mixture as a solid. The mixture was stirred for one hour further followed by
addition of 2-cyanopyridine (0.83 mL, 8.58 mmol). The triazine precipitated
immediately and stirring continued for an hour. The reaction was diluted with a 5:1
mixture of water: EtOH (200 mL) and the solution was heated to remove Et20. The
white precipitate was collected by filtration and washed with EtOH (10 mL) and Et20
(50 mL) and dried to afford L2 as a white powder (0.87 g, 42% yield).
Q
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‘H NMR (CDC13, 400 MHz): 8.9$ (m, 2H) H6,6»; 8.95 (d, J = 8 Hz, 2H) H2»,6»; 8.89
(d, J = $ Hz, 2H) H33,,; 8.80 (d, J = 8 Hz, 1H) Hphen; 8.74 (d, J = $ Hz, 1H) Hphen;
8.01-7.93 (m, 4H) 2Hphenan; 7.79, (d, J = $ Hz, 2H) H3»,5»; 7.7$ (S, 1H) Hphenan;
7.62-7.72 (m, 3H) 3Hphenan; 7.54-7.59 (m, 3H) Hphenan. Anal. Calcd. For
C33H21N5.½H70: C, 79.82; H, 4.47; N, 14.10. Found: C, 79.59; H, 4.66; N, 14.64.
Complexes 2a and 2b
RuCI3.3H20 (0.032 g, 0.12 mmoi) was added on stirring to a solution ofthe
appropriate ligand (0.24 mmol) in DMF (15 mL). The mixture was stined at room
temperature for 15 minutes and then heated to reflux for one hour. The mixture was
cooied and KPF6 (5 mL, aq) was added and the solution was diluted with water (100
mL). The resultïng solid was collected and dissolved in acetonitrile and purified by
column cbromotography (Si02, Acetone: waters KNO3(aq); 9:0.9:0.1). The nitrate salt
was metathesized to the PF6 sait, and the solvent removed. The solid was dissolved in
acetonitrile, and the product precipitated by addition to water. Recrystallisation from
acetonitrile/diethyl ether afforded 2a and 2b as red solids in 23% and 66% yields,
respectively.
2a
‘H NMR (CD3CN, 400 MHz): 9.68 (m, 2H) Hphenan; 9.42 (s, 2H) 9.17 (d, J = 7
Hz, 4H), H3,3»; 9.10 (m, 2H) Hphen; 9.02 (d, J = 8 Hz, 2H) Hphenan; 8.40 (d, J = 8 Hz,
2H) Hphenan; 8.20 (td, J = 1, 8 Hz, 4H) 7.88-8.0 1 (m, 12H) 4Hphenm, H66»; 7.50
(dd, J= 6Hz, 6Hz, 4H) H55. High Res. ESMS miz calcd. for C54H34N,0Ru [Mj2:
462.1005; found: 462.10002. Anal. Calcd. For C54H36F17N,0P2Ru.4H70 C, 50.43, H,
3.29, N, 10.89. Found: C, 50.94; H, 3.32; N, 10.34.
2b
‘H NMR (CD3CN, 400MHz): 9.28 (d, J = 8 Hz, 4H) H2»6»; 9.19 (d, J= $ Hz, 4H),
H3,3»; 8.97 (d, J = 8 Hz, 2H), Hphenan; 8.89 (d, J= 8 Hz, 2H), Hphenan; 8.18 (td, J 1 Hz,
8 Hz, 4H) R,,4»; 8.07 (d, 1= 8 Hz, 4H) H3«i»; 7.99-8.11 (m, 4H) Hphenan; 8.00 (s, 2H)
Hphenan; 7.80 (d, J = 6 Hz, 4H) H66»; 7.79-7.8 1 (m, 4H) Hphenan, 7.73 (dd, 1= 1Hz, 8Hz,
2H) Hphenan; 7.45 (dd, J = 6 Hz, 7 Hz, 4H) H55. Anal. Calcd. For C66H42F,2N,0P2Ru.(3 2H20: C, 56.54; H, 3.3 1; N, 9.99. Found C 56.19, H 3.50, N 10.33.
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Complexes 3a and 35
Zn(C104)2.6H20 (0.05 mmol, 0.01$ g) was added on stirring to a solution of the
appropriate ligand (0.10 mmol) in acetonitrile (15 mL). The mixture was refluxed for
15 minutes, cooled and the solvent removed under reduced pressure. The solid was
recrystallised from ethanol, followed by precipitation in acetonitrile! diethyl ether to
afford complexes 3a and 35 as yellow solids in 74% and 70% yields, respectively.
3a
‘H NMR (CD3CN, 400MHz): 9.54 (m, 1H) Hphen, 9.43 (5, 1H) Hphen; 9.1$ (d, J= $ Hz,
2H) H3,3,,; 9.08 (m, 1H) Hphen; 9.00 (d, 1= 9 Hz, 1H) Hh; 8.36-8.43 (m, 5H)
Hphen; 7.97-8.04 (m, 3H) 3Hphen; 7.90 (t, 1= 7 Hz, 1H) Hphen; 7.75 (dd, J = 5 Hz, 6
Hz, 2H) Anal. Calcd. For C54H34CpN,0OgZn.5H,O: C, 55.09; H, 3.77; N, 11.90.
Found C 55.12, H 3.57, N 11.86.
35
‘H NMR (CD3CN, 400MHz): 9.27 (d, J= 9Hz, 2H) H2»6»; 9.25 (d, J= $ Hz, 2H),
H3,3»; 8.98 (d, J= 9 Hz, 1H) Hphen; 8.91 (d, J= 8 Hz, 1H), Hphen; 8.3$ (t, J= $ Hz, 2H)
H4,4»; 8.34 (d, J= 5 Hz, 2H) H6,6,,; 8.07-8.12 (m, 4H) H3»,5»,2Hphen; 8.00 (s, 1H) Hphen;
7.7 1-7.84 (m, 6H) 4Hphen. Anal. Calcd. For C66H42CbN10O8Zn.2H20: C, 62.15;
H, 3.64; N, 10.9$. Found C 62.25, H 3.73, N 11.15.
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Chapter III, Part B: Zn(II) and Ru(ll) complexes of pyrenyl,
plienanthryl and naplithyl appended triazine
ligands
3.1 Introduction
In the previous sub-chapter the synthesis and characterisation of Ru(II) and Zn(II)
complexes of phenanthryl-appended triazine ligands have been reported. The
phenantbryl substituents offer additional chromophoric units which gives rise to
emissive Zn(II) complexes through ILCT states in which the phenanthryl group
behaves as an electron donor and the triazine motif as an electron acceptor.
In this sub-chapter the influence of the appended aromatic group will be
explored. The synthesis and characterisation of Ru(II) and Zn(ll) complexes of
pyrenyl and naphthyl appended trïazine ligands will be discussed and comparisons will
be made to complexes of phenyl and phenathryl substituted triazine ligands previously
reported.
3.2 Results and Discussion
3.2.1 Synthesis
The ligands L2 and L4 were synthesized using the same procedure as reported in the
previous sub-chapter. LiNMe2 was generated ‘in-situ’ through the slow addition of
BuLi to HNMe2 in anhydrous diethyl ether. On addition of the cyano-precursors an
amidinate intermediate formed and addition of 2 equivalents of 2-cyanopyridine
afforded the triazine ligands on work-up.
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2a M = Ru(II)Ar phenyl
2b M = Ru(II)Ar = 1-naphthyl
2c M = Rufil) Ar = 9-phenanthryl








ii) 2-cyanopyridine I I
LIAr=phenyl
L2 Ar = 1-naphthyl N,N
L3 Ar 9-phenanthryl ZnfCIO4)26H20, Ar
MeCN A
L4 Ar = 1-pyrenyl 3a M = Zn(II) Ar = phenyl
3b M = Zn(II) Ar = 1-naphthyl
3c M = Zn(II) Ar = 9-phenanthryl
3d M = Zn(II) Ar = 1-pyrenyl
Scheme 3.2 Synthesis of ligands Li-4, and the complexation of the ligands to form the
Ru(II) complexes 2a-d and Zn(II) complexes 3a-d.
Complexes 2b and 2d were synthesised by addition of RuCÏ3.3H20 to two equivalents
of the ligand, with 3 equivalents of AgNO3 in DMF. The mixture was stirred at room
temperature for 15 minutes and then heated to reflux for one hour. The mixture was
cooled and filtered to remove AgC1 and added to a saturated aqueous solution of KPF6.
The precipitate was colÏected and column chromatography followed by anion exchange
afforded complexes 2b and 2d in 56% and 11% yields, respectively. Zn(II) complexes
were synthesised by the addition of Zn(Cl04)2.6H20 to a solution of the appropriate
ligand in acetonitrile. The mixture was refluxed for 15 minutes and then cooled and
the solvent removed by evaporation. Redissolving the residue in ethanol followed by
precipitation in diethyl ether afforded complexes 3a-d in 68%, 55%, 74% and 84%
yields, respectively. The complexes were characterised in solution by ‘H NMR and in
the solid state by elemental analyses.
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Figure 3.6 ‘H NMR spectra of L4 in CDCI3 (above), 2d (middle) and 3d (below) in
CD3CN.
On complexation of L4 by Ru(II) or Zn(II), the pyridyl and pyrenyl ‘H signais are both
shifted to lower field in CD3CN. The Zn(II) ion in complex 3d has a greater electron
withdrawing effect on the pyridyl protons closest to the metal centre (H55 ‘ and H6,6)
when compared to the Ru(II) complex 2d. Complex 3d lias limited solubility and




3.2.2 Solid State Structures
Crystals suitable for analyses of L2 were obtained by slow diffusion of hexane in to a
concentrated chloroform solution of L2. One molecule of water is found in the
asymmetric unit with H-bonding to N-pyridyl atoms with N-H distances of 2.15 Â and
2.14 Â. Significant face-to-face it-stacking interactions are observed in the extended
lattice with each triazine ring overlaying pyridyl rings above and below the plane with





Figure 3.7 ORTEP representation of solid state structure L2 with H20 solvent
molecule (above). Pyridyl-triazine ir-stacking interactions (below), H atoms are
omitted for clarity. Thermal ellipsoids are set at 30%.
98
Slow diffusion of isopropyl ether into acetonitrile solutions of 2b and 3b as their PF6
and C104 saits respectiveiy afforded poor quaiity crystals. Red crystals of 2b were
eventually obtained by addition of excess NH4Bf4 in methanol to a concentrated
solution of 2b in acetonitrile foiiowed by slow diffusion of isopropyl ether. The
compiex crystallised in the monoclinic space group P2(1)/n with two cations, four
anions, (three PF6 anions and one BF4 anion) and four molecuies of acetonitrile.
The Zn(II) complexes could be synthesised as their PF6 saits according to a literature
procedure11 and crystals of 3b was obtained as the PF6 sait by slow diffusion of
isopropyl ether into an acetonitrile solution of the complex. Complex 3b crystallised
in the non-centrosymmetric space group P2(1) wïth two cations, four PF6 counter-ions
and three acetonitrile solvent molecules. In both crystal structures signfficant 7t-
stacldng interactions were observed in the extended lattice between naphthyl groups
and coordinating pyridyl rings with centroid-centroid distances of 3.66 Â and 3.71 Â
for complex 2b and 3.89 Â and 3.96 Â fl complex 3b (Figure 3.8).
The use of non-covalent interactions to aggregate functional assemblies through
crystal engineering is appealing as conventional, covalent approaches require multistep
syntheses.’51 Naphthyl-pyridyl, iu-stacldng interactions were previously observed in
naphthyl-appended tpy-based Ru(ll) and Fe(ll) complexesJ41 In the previous sub
chapter similar interactions in the solid state structure of complex 2c were observed.
The four naphthyl groups in the two cations twist away from the central triazine rings
by 16.6°- 36.9° in complex 2b and 2 1.5°- 29.1° in complex 3b. Intramolecular C-H-N
(triazine) H-bonding interactions favour minimal twisting of the naphthyl group




The M-N bond distances in both 2b and 3b are shorter to the central triazine
ring compared to the terminal pyridyl rings as expected due to the constrained bite
angle imposed by tridentate ligands. The Ru-N bond distances, 1.97 -1.98 À to the
central triazine ring and 2.09- 2.11 À to the terminal pyridyl rings, are in agreement to
those previously reported for related Ru(ll) complexes of triazine-based ligands.6’ 7]
G
N19
Figure 3.8 ORTEP representations it-stacldng interactions in the solid state structures
of 2b and 3b. Thermal ellipsoids are set at 30%. Anions and solvent molecules of
crystallization have been omitted for clarity.
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Q The Zn-N bond distances are slightly longer and similar to those reported for tpy-type
ligandsJ’1
3.2.3 Electrochemistry
Table 3.2 Half-Wave Potentials for ligands Li-4 and complexes 2 and 3.
Compound E112(oxidn) E112(redn)
Li -1.42 (84) -2.25 (irr)
L2 -1.41 (82) -2.17 (irr)
L3b
-1.42 (86) -2.15 tiff)
L4 1.54 (irr) -1.40 (75) -1.84 (96) -2.17(irr)
2aa 1.51(81) -0.71(65) -0.88(69) -1.51(74) -1.75(78)
2b 1.52(84) -0.73(63) -0.89(68) -1.52 (67) -1.75(80)
2cb 1.52(85) -0.72(74) -0.89(77) -1.52(79) -1.75(90)
2d 1.46(irr) 1.66(irr) -0.75(68) -0.89(69) -1.51(88) -1.74(irr)
3a -0.79 (80) -0.91( (84) -1.60 (86) -1.77(78)
3b -0.80 (67) -0.91(77) -1.59(78) -1.75(74)
3c” -0.81 (if) -0.86(104) -1.52 (103) -1.73 (108)
3d 1.45 (if) -0.76 (68) -0.87 (76) -1.52 (if)
From reference “ From reference
The electrochemistry of Li was previously reported in acetonitrileJ61 However, due to
the limited solubility of L2-L4, the electrochemistry of the ligands was carried out in
DMF in order to make full comparisons. An initial reversible triazine- based reduction
is observed at -1.40 to -1.42 V. The insignificant potential difference between all four
ligands indicates that the aryl substituent on the triazine lias littie influence on this
process. A second triazine-based reduction is observed at -2.15 to -2.17 Vin L2-4.
This same reduction shifts to a more negative potential in Li (-2.25 V), indicating the
LUMO +1 molecular orbital involves significant mixing of the aromatic and triazine
G motifs. An additional pyrenyl-based reduction is observed in L4 at -1.84 V. No
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oxidative processes are observed in Li-3 within the solvent limits, however, the pyrene
motif is oxidised at 1.54 V in L4. As predicted, this is more positive than the tpy
pyrene ligand (1.49 V) due to the electron-deficient triazine ringJ81 However, overali a
lower energy HOMO-LUMO gap is observed as estimated from the CV at 2.94 V for
L4 as compared to 3.15 V for tpy-pyreneJ81
The electrochemistry of complexes 2a-d and 3a-d are reported in acetonitrile. The
oxidative potentials for the Ru(ll)/(llI) couple in complexes 2a-c are in agreement for
those previously reported for Ru(II) complexes of triazine ligands.6’ 7j However, in
complex 2d, the pyrene motif is oxidised prior to the Ru(II) centre at 1.46 V and the
Ru(II)/(III) couple is consequently at a more positive potential and irreversible. In the
Zn(II) complex 3d, the pyrene motif is oxidised at 1.45 V. The electron-withdrawing
effect of metal coordination resuits in significant positive shifts in the potentials for the
triazine-based reductions for both Ru(II) complexes 2a-d and Zn(II) complexes 3a-d.
Each triazine ligand has two reductions giving a total of four reductions for complexes
2a-d and 3a-c.
3.2.4 Spectroscopic Data
At wavelengths below 350 nm ligand based it- it and n- it transitions dominate the
spectra. On complexation to the metal ions, the triazine based transitions shift to lower
energy. In Zn(II) complexes 3b-d, additional transitions are observed in the visible
region and are assigned as Ar—+ triazine 1ILCT transitions. This transition is
signfficantly higher in energy in complex 2a due to the poor electron-donating
properties of the phenyl ring relative to the fused-aromatic rings. The ILCT transitions
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Figure 3.9 Electronic spectra of complexes 3a and 3b in acetonitrile.
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Table 3.3 Spectroscopic Data in CH3CN Solutions.
AbSo1tjona Emission
Compound 2. max nm (E, M1cm’ X 10) 2max, nm
Li 276 (40.8) 243 (25.0) 414 (weak)b
L2 217 (59.5), 243 (27.9), 277 (20.0), --312sh (8.1)
L3c 245 (47.8) , 250 (50.5), 26$ (30.3), 318 (8.5) 457b
L4 239 (36.1), 281 (2 1.0), 374 (9.3), 392 (7.5) 459’’
2a 242(24.4), 284(73.2), 48 1(24.6)
-
2b 211 (62.0), 274 (26.0), 319 (sh), 487 (8.0)
-
2cc 206 (86.1), 253 ($5.6), 274 (74.7), 342 (18.5), 491 (21.1) -
2d 236 (132.5), 273 (116.9), 381 (22.5), 532 (46.6)
-
3a 249 (27.7), 294 (65.1) 37$a
3b 210 (128.2), 255 (49.5), 278 (50.1), 298 (40.4), 388 (24.2) 560a
3Cc 253 (115.5), 279 (55.4), 290 (53.8), 392 (25.9) 546a
3d 237 (108.4), 257 (46.7), 266 (41.1), 281 (44.6), 301 (46.8), 523, 693’
394 (23.1), 457 (38.4)
a In air equilibrated acetonitrile solutions
b In air equilïbrated DCM solutions
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Figure 3.10 Uncorrected emission spectra of 3a (solid une) and 3b (dashed-line) in
air-equilibrated acetonitrile.
The luminescence data of the ligands were obtained in air equilibrated solutions of the
compounds in DCM. The ligands were excited into the it- it absorption hand for Li
(320 nm), and the ‘ILCT absorption hands for L2-4 (380 nm). Li was wealdy
emissive at room temperature with a hand maximum at 414 nm. The intensity was
significantly increased in the emission bands of L2-4 (450-459 nm). The emission
profiles for L2-4 were very broad and negative solvatochromic behaviour indicated
that the emissions involve significant charge transfer behaviour. The emissive state
most probably has significant ‘ILCT character with additïonal it.-t contributions from
the fused aromatic ringsJ71 Ru(ll) complexes are very wealdy emissive at room
temperature in air equilibrated acetonitrile presumably due to thermal access of non
emissive metal-centred states. In contrast the Zn(ll) complexes are emissive at room
temperature. Complex 3a emits at significantly higher energy (378 nm) when
compared to 3b-d through ligand centred it-iu states. Complexes 3b emits at 360 nm,
consistent with emission from an ‘llCT state as previously discussed for complex





hands at 523 nm and a weaker hand at 695 nm. Such dual emissive behaviour lias
previously been observed in Pt(ll) complexes of a pyrenyl-appended tpy ligands
3.3 Conclusion
Introducing fused-aromatic rings on to the triazine-based tridentate ligands offers a
means to stabilise the ILCT hand significantly compared to the equivalent systems
based on tpy. The JLCT band in tpy-based ligands lies at significantly high energy and
the free ligands consequently emit form LC centred states at 77 K. Room temperature
emissions studies of L2-4, indicate tliat their emissive excited state lias significant
charge transfer character from ILCT states. On complexation the ILCT states are red
shifted in the Zn(II) complex. In Ru(ll) complexes the excited states are quenched by
the presence of low-lying metal centred states. The variable temperature photophysical
properties are required in order to fully understand the nature of the excited states in
pyrenyl-appended complex 3d.
3.4 Experimental
Nuclear magnetic resonance (NMR) spectra were recorded in CDC13 and CD3CN at
room temperature (r.t.) on a Bmker AV400 spectrometer at 400 MHz for ‘H NMR and
at 100 MHz for ‘3C NMR. Chemical shifts are reported in part per million (ppm)
relative to residual solvent protons (1.93 ppm for acetonitrile-d3) and the carbon
resonance of the solvent. Absorption spectra and emission spectra were measured in
acetonitrile at r.t. on a Cary 500i UV-Vis-NR spectropliotometer and a Cary Eclipse
Fluorescence Spectropliotometer, respectively.
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW multipurpose equipment interfaced to a PC. The
worldng electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internai 1
mM ferrocene/ferrocinium sample at 395 mV vs SCE in acetonitrile and 432 mV in
( DMF. The concentration of the compounds was about 1 mM. Tetrabutylammonium
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hexafluorophosphate (TBAP) was used as supporting electrolyte and its concentration
was 0.10 M. Cyclic voltammograms were obtained at scan rates of 50, 100, 200, and
500 mV/s. for irreversible oxidation processes, the cathodic peak was used as E, and
the anodic peak was used for irreversible reduction processes. The criteria for
reversibility were the separation of approximately 60 mV between cathodic and anodic
peaks, the close to unity ratio of the intensities of the cathodic and anodic currents, and
the constancy of the peak potential on changing scan rate. The number of exchanged
electrons was measured with OSWV, and by taldng advantage of the presence of
fenocene used as the internai reference.
Experimental uncertainties are as foïlows: absorption maxima, ±2 nm; molar
absorption coefficient, 10%; emission maxima, ± 5 nm; excited state lifetimes, 10%;
luminescence quantum yields, 20%; redox potentials, ± 10 mV.
Compounds Li, L3, 2a, 2c and 3c6’71 were synthesised as previously described.
Solvents were removed under reduced pressure using a rotary evaporator unless
otherwise stated.
L2 and L4
BuLi (1.6M in hexanes, 5.10 ml, 8.13 mmol) was added dropwise to a stirring
solution of HNMe2 (2M in THF, 4.10 ml, 8.13 mmol) in anhydrous Et20 (150m1)
under an inert atmosphere. 11e mixture was stined for 20 minutes until a white
suspension formed and 1-cyanonaphthalene or 1-cyanopyrene (7.39 mmol) was added
to the mixture. The mixture was stirred for 4 hours further followed by addition of 2-
cyanopyridine (1.44 ml, 15.0 mmol). The reaction mixture was stirred overnight and
worked up by stining for 30 minutes in air followed by removal of Et20. The residue
was recrystallised three times from water: ethanol and the solid collected, washed with

































Hz, 1 Hz, 4H) H4,4»; 7.90-7.98 (m, 4H) Hnap 7.88 (d, J= 6 Hz, 4H) H6,6»; 7.81 (t, J= 8
Hz, 2H) Hnap; 7.46 (td, J= 6, 2Hz, 4H) FI5,5. High Res MS: M2 (-2PF6) = 462.0845
Anal. Caic. C46H30N,0RuP2F,2.4H20: Caïc. C 46.6, H 3.2, N 11.8; Exp. C 46.4, H 2.7,
N 11.7.
2d (red solid 11%)
1H NMR, (400 MHz, CD3CN): 10.03 (d, J= 10 Hz, 2H) Hpyrene; 9.52 (d, 1= 8.3 Hz, 2H)
Hpyrene; 9.18 (d, 1= 8 Hz, 4H) H33»; 8.66 (d, 1= 8 Hz, 2H) Hpyrene; 8.60 (d, J= 9.3 Hz,
2H) Hpyrene; 8.38- 8.53 (ifi, 8H) 4Hpyrene; 8.25 (t, J= 7 Hz, 2H) Hpyrene; 8.19 (t, J=$ Hz,
4H) H4,4»;7.92 (d, J= 5 Hz, 4H) H6,6,,; 7.47 (dd, J= 6 Hz, 6Hz, 4H) H55. Anal. Caïc.
C58H38N,0RuP2F12.2H20: Cale. C 53.7, H 2.9, N 10.8; Exp. C 53.7, H 2.4, N 10.2.
Zinc Triazine Complexes 3a, 3b and 3d
Zn(Cl04)7.6H20 (0.05 mmol, 0.01$ g) was added to a stirred solution ofthe
appropriate ligand (0.1 mmol) in MeCN (15 ml). The mixture was refluxed for 15
minutes, cooled and the solvent removed. The solid was recyrstallised from ethanol,
followed by precipitation in acetonitrile/diethyl ether to yield complexes 3a-d.
3a (white solid 68%)
‘H NMR, (400 MHz, CD3CN): 9.14 (d, 1= 8Hz, 2H) H2»6»; 9.05 (d, 1= 7Hz, 2H)
H3,3»; 8.31 (t, J= 8Hz, 2H) H4,4»; 8.24 (d, J= 4Hz, 2H) H6,6,’; 7.93 (t, J= 7Hz, 1H) H4»;
7.80 (t, J= 7Hz, 2H) H3»5»; 7.64 (dd, J= 6Hz, 7Hz, 2H) H55. Anal. Cale.
C38H26C12N,0O8Zn Caic: C, 51.5; H, 3.0; N, 15.8. Exp: C, 51.7; H, 3.2, N, 16.1.
3b (yellow solid 55%)
‘H NMR, (400 MHz, CD3CN): 9.50 (d, 1= 9Hz, 1H) Hnap; 9.09 (d, 1= 8Hz, 2H) H3,3»;
9.05 (d, J= 7Hz, 1H) Hnap; 8.43 (d, J= 2Hz, 1H) Hnap; 8.30- 8.34 (m, 4H) 114,4», H6,6»;
8.20 (d, 1= 8Hz, 1H) Hnap; 7.90-7.93 (m, 2H) 2Hnap; 7.78 (t, 1= 7Hz, 1H) Hnap; 7.69 (dd,
J= 5Hz, 6Hz, 2H) H55. Anal. Cale. C46H30C,7N,0O8Zn.H20: Cale: C, 55.0; H, 3.2; N,
13.9. Exp: C, 55.1; H, 3.6; N, 14.1
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3d (Orange solid 84%)
1H NMR, (400 MHz, CD3CN): 9.93 (d, J= 9Hz, 1H) Hpyrene; 9.49 (d, J= 9Hz, 1H)
Hpyrene; 9.19 (d, 1= 8Hz, 2H) H33»; 8.60-8.63 (m, 2H) 2Hpyrene; 8.47-8.54 (m, 3H)
3Hpyrene; 8.35-8.41 (m, 5H) Hpyrene, H4,4, H6,6»; 7.72 (dd, 1= 6Hz, 6Hz, 2H)
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Chapter IV: Rh (III) complexes of tridentate ligands: Probing
their excited state properties by varying ancillary
ligands.
4.1 Introduction
Chapters II and III have focussed on the development of Ru(ll) complexes as potential
sensistisers for light-harvesting applications. In contrast to Ru(II) and Os(II), the use
of polypyridine complexes of group 9 metals to applications as sensitisers in light
harvesting devices remains Ïess explored. It has been realised for some time that fr(ffl)
complexes of tridentate terpyridine-based ligands and cyclometallating polypyridine
ligands have promising properties for light harvesting applications due to the long
lived excited state generated from excitation in the visible region.’6 The photophysical
properties of fr(III) complexes are highly dependent on the nature of the coordinating
polypyridine ligand. The parent complex, Tr(tpy)23, is relatively emissive at room
temperature in air equilibrated solutions and its photophysical properties are
comparable to Ru(bpy)32.79 In contrast, k(Ill) complexes of cyclometallating
tridentate ligands are highly emissive in degassed solutions and are sensitive to
oxygen.4’ 10 The development of such systems has been rather slow due to the ldnetic
inertness and resulting problems of synthesizing fr(ffl) polypyridine complexes. In
comparison, Rh(III) polypyridine complexes remain even less studied than their third
row counterparts. There have been some initial studies on the photophysical properties
of Rh(bpy)32 and Rh(tpy)22ttype systems but the excited-state lifetimes are
substantially shorter than the Jr(llI) analogues.” 12 Despite the lirnited literature in the
use of Rh(tpy)-type systems as potential sensitisers, the Rh(tpy)23 motif has been
incorporated into Rh(III)— Ru(II) diads in which the Ru(tpy)22 complex plays the role
of sensitizer and the covalently linked Rh(tpy)23-based motif behaves as an electron
acceptor (Figure 4.l).13 14 At 150 K the electron transfer was monitored from the
3MLCT state of the Ru(II) motif to the Rh(ffl) domain. The electron transfer process
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was found to be distance dependant and was onÏy observed in those diads in which the
distances between the Ru(II) and Rh(III) domains is minimized (Figure 4.1).
transfer 5+
The present chapter describes the synthesis of a family of Rh(ITI) complexes based on
a triazine-tridentate ligand, 2,4-di-(2 ‘ -pyridyl)-6-(p—bromophenyl)- 1,3 ,5-triazine. Four
complexes have been synthesised with a second tridentate ligand of variable
-
donating ability in order to probe and understand their excited state properties. The
electronic properties are studied as a consequence of the change in the electronic
density at the Rh(Ill) centre.
4.2 Discussion
4.2.1 Synthesis
The triazine ligand Li and cyclometallating ligand L2 were synthesised as previously
described.4’ 15 The precursor Rh(Li)C13 was obtained by the reaction of RhC13 with
one equivalent of Li in refluxing ethanol. After 90 minutes the mixture was cooled
and the solid collected. The orangelbrown solid was thoroughly washed with water,
ethanol and then diethyl ether and dried to yield Rh(Li)Cl3 in 74% yield. The
5+
Figure 4.1 Distance dependence of electron transfer in Ru(II)-Rh(III) diads.’4
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homoleptic complex, la, could then be synthesised by the reaction of Rh(Ll)C13 with
Li in the presence of AgNO3 as a dechiorinating agent in refluxing absolute ethanol.
Column chromatography yielded the homoleptic complex in 21% yield. The
heteroleptic complex lb was synthesised from the reaction of Rh(tpy)C13 with one
equivalent of the triazine in anhydrous ethanol and 3 equivalents of AgSO3CF3 to yield
44% of the heteroleptic complex. Anhydrous soïvents were used to avoid the
formation of the dicarboxamide from nucleophilic attack of water on the triazine
rings.16’ 17 Complex lc was synthesized by adopting the previously reported procedure
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Scheme 4.1 Synthesis of complexes la-c.
4.2.2 Cliaracterisation
The complexes were characterised by ‘H NMR, elemental analyses and X-ray























Compiex la has a simplified spectrum with only six signais for the triazine ligand.
Evidence of the bis-triazine terdentate complex is observed in the shift of proton H6,
alpha to the coordinating N atom. In the free ligand, H6 can be observed at 8.99 ppm.
However, on complexation H6 is shielded significantÏy and shifts to 8.13 ppm, due to
the coordination of a second orthogonal ligand. The aromatic region of the 1H NMR of
complex lb is complicated by the additional signais in the terpyridine ligand.
As a consequence two sets of signais are seen for the distal pyridyl rings of both
iigands and in each case the signais for Li are deshieided with respect to tpy due to the













Figure 4.2 1H NMR of complexes la and lb in CD3CN.
The solid state structures of la-c are shown in Figure 4.3 with bond distances and
angles
listed in Table 4.1. X-Ray quality crystals of la-c were obtained by slow diffusion of
diethyl ether into a concentrated solution of acetonitrile. Acetonitrile solvent
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molecules were observed in the unit cell in ail cases. The Rh(III) ion possesses
pseudo-octahedral geometry and are bound to a triazine ligand and a second orthogonal
tridentate iigand. Compiex la crystaïlises in the monoclinic space group C2/c with
haif of the cation and one and a haif PF6 anions found in the asymmetric unit. The
cations are arranged to give an offset face-to-face, t-stacking interaction, which is
observed between a pyridyi ring and the pendant phenyi ring on a neighbouring cation
with a distance of 3.8$ Â (centroid-centroid). Relatively short Br-Br distances are
observed between neighbouring cations (4.04 Â), similarly to the interactions observed
in complexes of first-row metai ions of this ligand.’5’ 18 Heteroleptic compiex lb
crystaiiised in the triciinic space group P-l, with two cations, three PF6anions and
three acetonitrile water molecules in the asymmetric unit. The cations are arranged in
the extended lattice with long range offset it-stacking interactions between the terminai
triazine-based pyridyi ring and the pendant phenyl ring of the neighbouring molecule.
Short bromine-bromine interactions are also observed in lb with a distance of 3.33Â
between neighbouring moiecules, iess than the sum of the Van der Waals radii.’5’ 18
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Br-Br interactions were flot observed in complex 2c, however, face-to-face interactions
dictate the packing arrangement between a triazine-based pyridyl ring and pendant
phenyl ring on a neighbouring cation wïth a distance of 3.62 À (centroid to centroid).
Additional offset 7t-stacking interactions are observed between the ineta-xyfene
cyclometallating rings and a terpyridine-based terminal pyridyl ring on a neighbouring
cation.
Table 4.1 Selected bond distances and angles for complexes la-c.





2.066 (4) 2.066 (4) 2.064 (5)
1:964 (4) 1.961 (4) 2.031 (6)
2.060 (4) 2.074 (4) 2.071 (6)
N4 ,N5 N4 N4
Figure 4.3 ORTEP diagram of la-c shown with 30% thermal ellipsoids. The counter




Rh-N(terminal) 2.047 (5) 2.045 (6)
Rh-N/C (central) 1.974 (4) 1.955 (7)
Rh-N (terminal) 2.059 (5) 2.045 (6)
Selected Angles (°)
N1-Rhl-N3 158.2 (2) 158.2 (2) 156.0 (2)
N6-Rhl-N71N8 160.3 (2) 160.6 (2)
Iriazine- phenyl twist 12.64 t 0.30) 9.5 (2) 11.4 (4)
Negligible differences are observed in the Rh-N(trïazine) bond distances between
complexes la and lb. An elongation is observed in the Rh-N bond distance to the
central triazine ring in the cyclometallated complex lc. This is a consequence of the
strong trans-influence observed trans to the cyclometallating meta-xylene ring. As
predicted, the Rh-C bond distance in lc is shorter than the Rh-N(tpy) bond distance to
the central pyridyl ring in lb.
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nm (E, M’cm1)’ - Ei,2(redn)b
250 (16.7), 281 (36.3)
245 (32.4), 302 (47.9), 361 (46.4), -0.05
245 (42.2), 268 (34.6), 29$ (37.3), 341 (32.2), -0.22
356 (34.6)
ic 247 (44.1), 295 (42.4), 314 (33.2), 354 (22.6)
aMeasured in air equilibrated acetonitrile at r.t..
b Measured vs SCE in argon-purged acetonitrile. Reductions are ineversible unless
otherwise stated.
Reversible, with $1 mV between the cathodic and anodic waves.
-0.53 C -1.09 -1.41
The electrochemistry of complexes la-c were measured in acetonitrile versus TBAPF6
with fenocene as an internai standard (Table 4.2). In both complexes la and lb, an
initial irreversible Rh(III)/(I) two-electron reduction was observed at -0.05 V and -0.22
V, which are significantly less negative than Rh(llI) homoleptic complexes of tpy-type
ligands. Complex la is easier to reduce than lb due to the electron deficient nature of
the two triazine ligands. The subsequent ligand based reductions are irreversible
presumably due to a reanangement in coordination geometry. Complex ic, however,
has an initial ligand based reversible reduction corresponding to a one-electron
reduction of the triazine ligand. This is due to the electron-donating properties of the
cyclometallating ligand resulting in greater electron density at the Rh(III) centre. The
Rh(III) centre is subsequently reduced at a signifîcantly more negative potential than
complexes la-b, and this is followed by an additional triazine-based reduction.
The electronic absorption spectra of Li and la-c were measured in acetonitrile and the
data is collected in Table 4.2. Ligand based itiu* transitions dominate the higher
energy UV region of the spectrum in ligand Li (Figure 4.4). On complexation the
ligand based transitions are red shifted in complex la as expected.








Figure 4.4 Electronic absorption spectra of complexes lb and ic.
Emission spectra of ligand Li and complexes la-c were studied at room temperature in
acetonitrile and at 77 K in ethanollmethanol (4:1) glass. Complexes la and lb are
weakly emissive at room temperature in deaerated acetonitrile solutions giving
emission bands with relativeÏy little structure at 536 nm and 541 nm. A similar
emission hand is observed in Li at 469 nm. The hands are blue shifted when measured
at 77 K in etlianol:methanol glass 4:1 and are assigned to ligand-centred emissions
bands. Contrastingly, complex lc lias a welI-structured emission at room temperature
(Figure 4.5) with high 02 sensitivity and the emission band is blue shifted at 77 K. The
02 sensitivity indicates charge transfer character and the emission can be considered to
have significant ligand-to-ligand charge transfer character between the
cyclometallating and triazine ligands. The emission band is further blue-shifted at 77
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Figure 4.5 The emission spectra of ic at room temperature in deaerated acetonitrile.
Ail complexes and Li have an additional low energy stmcture-less emission hand at 77
K. This band is red-shifted with respect to the principle bands observed at room
temperature and signicantly red-shifted in the complexes compared to Li. Dual
emission behaviour was previously reported for a Rh(Ill) family of complexes
incorporating pyridyl triazole-based ligands but the nature of the emitting state was flot
elucidated.’2 Considering the effect is observed in the ligand as well as the complexes
the nature of the emitting state should be ligand based. Triazine ligands have
previously been shown to have the potential to display dual emission behaviour due to
twisted-intramolecular charge-transfer states (TICT).’9 The pendant bromo-phenyl
ring in Li has the potential to twist through the interannular bond allowing favourable
H-bonding interactions between the triazine-based N-lone pairs and C-H ortho to the
interannular bond. 20 A TICT band in the triazine ligand may explain the lower energy
ernissions although the narrow profile of the band shape would flot support this
assignrnent. Further experimental studies will be carried out to fully characterize the













Figure 4.6 Emission profile of Li at r.t. (solid une) and 77 K (dashed une).
4.3 Conclusions
A new family of Rh (III) complexes have been synthesised and fully characterised with
Li and orthogonal ligands with varying G-donating ability. The complexes are weakly
emissive at room temperature in the visible region of the spectrum. The nature of the
excited state is dependant on the -donating strength of the orthogonal ligand. A
cyclometallating ligand is employed in complex ic and the emission studies indicate
significant inter-ligand charge-transfer character. The orthogonal ligands in la and lb
are less electron rich and as a consequence the excited state is ligand centred. The
introduction of the bromo-functionality in the para position of the phenyl ring will
allow further chemistry to be carried out on the complex in order to manipulate its
photophysical properties.




Nuclear magnetic resonance (NMR) spectra were recorded in CD3CN at room
temperature (r.t.) on a Bruker AV400 spectrometer at 400 MHz for ‘H NMR. Chemical
shifts are reported in part per million (ppm) relative to residual solvent protons (1.93
ppm for acetonitrile-d3). Absorption spectra were measured in acetonitrile at r.t. on a
Cary 500i UV-Vis-NIR Spectrophotometer.
The fluorescence excitation and emission spectra of the ligands and complexes la-c
were recorded using a Jobin Yvon FluoroMax-2 spectrofluorimeter, equipped with a
Hamamatsu R92$ photomultiplier tube. Samples were degassed via a minimum of
three freeze—pump—thaw cycles, base pressure <i mbar, in 1 cm pathlength quartz
cuvettes, modified to allow connection to the vacuum line. All solvents used were
HPLC grade or
pre-distilled.
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW multipurpose equipment interfaced to a PC. The
worldng electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internal 1
mlvi ferrocene/ferrocinium sample at 395 mV vs SCE in acetonitrile and 432 mV in
DMF. The concentration of the compounds was about 1 mM. Tetrabutylammonium
hexafluorophosphate (TBAP) was used as supporting electrolyte and its concentration
was 0.10 M. Cyclic voltammograms were obtained at scan rates of 50, 100, 200, and
500 mV/s. For irreversible oxidation processes, the cathodic peak was used as E, and
the anodic peak was used for irreversible reduction processes. The criteria for
reversibility were the separation of 60 mV between cathodic and anodic peaks, the
close to unity ratio of the intensities of the cathodic and anodic currents, and the
constancy of the peak potential on changing scan rate. The number of exchanged
C
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electrons was measured with OSWV, and by taidng advantage of the presence of
ferrocene used as the internai reference.
Experimentai uncertainties are as follows: absorption maxima, ±2 nm; molar
absorption coefficient, 10%; emission maxima, ± 5 nm; excited state lifetimes, 10%;
luminescence quantum yields, 20%; redox potentials, ± 10 mV.
Rh(tpy)C132’ and ligands Li’ and L2’4 were synthesised as previously described. The
precursor [Rh(L2)C12J2 was synthesised according to a procedure developed in the
Williams Group, Durham, England.22 Solvents were rernoved under reduced pressure
using a rotary evaporator unless otherwise stated.
4.4.2 Experimental procedures
Rh(Ll)C13
A suspension of RhC13 hydrate (0.2$ g, 1.36 mmol) and Li (0.53 g, 1.36 nirnol) were
heated in ethanol (30 mL) for 90 minutes. After cooling to room temperature the
precipitate was collected by filtration and washed with ethanoi (20 mL), water (20
mL), ethanol (20 mL) and finally diethyl ether (20 mL). The orange solid was
collected and dried to afford Rh(Ll)C13 (0.60 g, 74%).
‘H NMR (d6-DMSO, 400 MHz): 9.34 (d, Jt 5 Hz, 2H) F16,6»; 9.05 (d, J= 8 Hz, 2H)
H3,3,,; 8.76 (d, J= 9 Hz, 2H) H2»6»; 8.56 (t, 1= $ Hz, 2H) H4,4,,; 8.24 (t, 1= 7 Hz, 2H)
H5,5»; 7.97 (d, 1= 9 Hz, 2H) ‘3C { H} NMR (d6-DMSO, 100 MHz): 128.64,
130.19, 132.20, 132.34, 132.51, 132.69, 141.37, 154.72, 154.90, 169.81, 172.62.
la
A suspension of Rh(Ll)C13 (0.13 g, 0.21 mmol) and AgNO3 (0.11 g, 0.63 mmoi) in
absolute ethanol (20 mL) was heated to reflux for 3 hours under N2. Ligand Li (0.082
g, 0.21 mmol) was added as a solid and the mixture was refluxed for another four
hours. After cooling to room temperature the solution was filtered to remove AgC1 and
KPF6 (10 mL, aq.) was added to the filtrate to afford a yellow precipitate. The solid
was collected by filtration and purified by coiumn chromotagraphy (silica, acetonitrile:
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KNO3 (sat), 7:1). The nitrate sait was metathesized to the PF6 sait and the soivent was
removed. The residue was dissoived in acetonitrile, precipitated by addition to water,
collected and recrystalÏised from acetonitrile/ether to afford la as a beige soiid (26 mg,
15% yieid)
‘H NMR (CD3CN, 400MHz): 9.11 (dd, 2H (7.8, 1.1Hz), H3,3»; 8.97 (d, 2H) H2»,6»;
8.43 (td, 2H J= 8 Hz, 1Hz, 2H) FL,4»; 8.13 (d, J= 6 Hz, 2H) H6,6»; 8.07 (d, J= 9 Hz,
2H) H3»,5»; 7.73 (ddd, 6Hz, 6Hz, 1 Hz, 2H), FI5,5. ‘3C {‘H}NMR (CD3CN,
100MHz): 130.79, 131.90, 132.40, 132.41, 133.07, 133.24, 143.21, 152.05, 155.66,
168.39, 176.11. High Res. ESMS miz caicd for C38H24N,0Rh {M]3: 293.6536; found:
293.6540.
lb
A suspension of Rh(tpy)C13 (0.050 g, 0.11 mmol) and AgSO3CF3 (0.087 g, 0.34 mmoi)
in ethanol absolute (15 mL), ) was heated to reflux for 2 hours under N2. Ligand Li
(0.044 g, 0.21 mmoi) was then added to the mixture and refluxing continued for four
hours. The mixture was cooled and filtered to remove AgC1 and KPF6 (10 mL, aq.)
was added to the filtrate to afford a yellow precipitate. The soiid was collected by
filtration and purified by colunm chromotagraphy (silica, acetonitriie: KNO3 (sat), 7: 1).
The nitrate sait was metathesized to the PF6 sait and the soivent was removed. The
residue was dissolved in acetonitrile, precipitated by addition to water, coiiected and
recrystailised from acetonitriie/ether to afford lb as a beige solid (40 mg, 30% yieid)
‘H NMR (CD3CN, 400 MHz): 9.12 (dd, J = 8 Hz, 2H) H33»; 8.99 (d, J = 9 Hz, 2H)
H2»,6»; 8.94 (m, 5H) HT3’T5’ HT4’; 8.70, (d, J = 8 Hz, 2H) HT3.3»; 8.45 (t, J = 8 Hz, 2H)
H4,4»; 8.30 (t, J = 8 Hz, 2H) H--»; 8.09 (d, J = 9 Hz, 2H) H3»,5»; 7.97 (d, J = 6 Hz,
2H) H6,6»; 7.86, (d, J = 6 Hz, 2H) H166»; 7.75 (dd, J = 6 Hz, 6 Hz) H5,5»; 7.52 (dd, J = 6
Hz, 7 Hz) H15,5. ‘3C {‘H} NMR (CD3CN, 75 MHz): 127.65 127.99, 130.54, 13 1.50,
132.79, 132.88, 133.85, 133.13, 134.90, 143.38, 143.90, 144.83, 152.68, 153.92,
154.60, 155.73, 157.24, 168.99, 176.92. Anal. Cale. for: C34H73BrN8Rh(PF6)3.2H20:




A suspension of [Rh(L2)C12j2 (0.055g, 0.O63mmol) and ligand Li (0.049g, 0.126
mmol) in ethylene glycol (3 mL) was heated to 1 95°C for 15 minutes or until
everything dissolved under N2. The solution was cooled and water (10 mL) added.
The mixture was filtered and KPF6(sat) (10 mL) was added to the filtrate to afford a
yeÏlow precipitate. The solid was collected by filtration and washed with water,
ethanol and diethyl ether and dried under vacuum to afford the complex 90 mg (69%).
‘H NMR (CD3CN, 400 MHz): 9.05 (d, J = $ Hz, 2H), H3,3,,; 9.00 (d, J = 9 Hz, 2H),
H2»,6»; 8.32 (d, J = 8.5 Hz, 2H), H(NCN)33»; 8.29 (t, J = 7.8 Hz, 2H), H4,4»; 8.07 (d, J
= 9 Hz, 2H), H3»,5»; 7.95 (t, J = 8 Hz, 2H), H(NCN)44»; 7.66 (d, J = 5 Hz, 2H), H66»;
7.57 (d, J = 5 Hz, 2H), H(NCN)66»; 7.54 (t, J = 7 Hz), 7.47 (s, 2H), H(NCN)4’;
7.02 (t, J = 7 Hz, 2H), H(NCN)5,5», 2.9$ (s, 6H) H(NCN)3’5’. Anal. Caic. for:
C37H27BrN7Rh(PF6)2.0.5(CH3CN): C, 42.94; H, 2.70; N, 9.88. Found: C, 43.23; H,
2.79; N, 10.27.
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5.1 Introduction
Dye-sensitized solar cells (DSSCs) have been intensely studied in the last fifteen years
since Gritzel published his landmark workJ”21 In order to advance the field, many
groups have focused their efforts on improving the excited-state properties of the
Ru(II) polypyridine complexes that act as the photosensitisers in the Gritzel cell.31
Much less attention bas been paid to the redox mediator, even though it contributes
directly to the maximum photocurrent attainable by the DSSC.2’31 Whereas the classic
redox mediator in such systems is the volatile and corrosive 1 113 couple, its redox
potential is fixed and, therefore, cannot be varied to improve the efficiency of the
DSSC.41 Recently, Co(II) complexes of heterocyclic ligands have been shown to be
effective redox mediators in DSSCs as they are non-corrosive, non-volatile and
modifiable. [5,6,71 Herein we report on a new family of Co(II) complexes based on
tridentate triazine ligands that are easily synthesized and modified. Their considerably
more positive Co(I1IIII) redox couples than previously reported Co(II) complexes of
polypyridine ligands favours their use in DSSCs.5’61
5.2 Results and Discussion
The synthesis of triazines ligands 1a81 and 1b91 lias previously been reported. Ligand
ic was synthesised by the addition ofp-bromobenzonitrile to a solution of LiNMe2 in
anhydrous diethylether.9”°1 The amidinate intermediate that forms reacts with two
equivalents of 2-cyanopyridine to afford ligand ic after loss of dimethylamide. A
series of homoleptic Co(II) complexes of ligands la-c were synthesised by allowing
the ligands to react with CoCl2.6H20 followed by precipitation of complexes 2a-c from
the reaction mixture by the addition of NH4PF6 (Scheme 5.1 a)J’11 Heteroleptic
complexes 3a-c may be obtained directly by reacting ligands la-c with one equivalent
of CoCl2.6H20 in the presence of tetrabutylammonium chloride (NBu4C1) (see in (b)
Scheme 5.1) or indirectly when NBu4C1 is introduced into an acetone solution of
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complexes 2a-c (Scheme 5. lc).’1 It has previousiy been established that an
equilibrium exists between the homo- and heteroleptic state of Co(ll) complexes of
2,4,6-tripyridyl-s-triazine in acidic solution.’31 In this case, heteroleptic Co(ll)
complexes 3a-c couid be obtained by the addition of NBu4C1 to complexes 2a-c.
Scheme 5.1 Synthesis of Co(U) homo- and heteroleptic complexes.
The ‘H NMR chemicai shifts of the homoieptic complexes are typical of paramagnetic
Co(II) complexes that are iow spin, with chemical shifts ranging over approximateiy
110 ppm (Table 5.1)J’41 The signais are broadened considerably and therefore no
coupling constants could be obtained from the spectra. The greatest shifts are observed
for the protons ortho to the pyridine N’s and, therefore, closest to the paramagnetic Co
(II) centre. The protons farthest from the paramagnetic centre, those on the phenyl
ring, have the smallest shift as compared to the free 1igands.91
(PF6)2
R (a)A i) 0.5 CoC12.6H201ii acetone/H20
NN ii) NH4Pf6 aq.
R = H, la
R = Br, le
i) CoC12 6H20(b) II acetone/H20
ii) NBu4C1, acetone
(c)
R = H, 2a
R=Me,2b
R = Br, 2eNBu4CÏ,
acetone




Table 5.1 ‘H NMR chemical shifts of homoleptic complexes 2a, 2b and 2c in CD3CN.
ô, ppm
Pyridyl Phenyl CH3
le 8.99 8.87 8.74 7.60 8.74 7.73
2a 115.0$ $0.09 37.54 22.87 13.51 6.17
2b 113.39 78.56 37.13 21.99 13.27 6.13 5.83
2c 111.8$ 79.38 36.28 22.96 13.36 6.66
The X-ray crystal structure of2c is shown in Figure 5.1. [141 The Co(II) ion is bound by
two orthogonal ligands le in a pseudo-octahedral coordination environment as the
peripheral pyridines in each ligand pinch in to form N—Co—N angles of 151.79°. The
Co—N bond length to the central triazine (1.986 À) is shorter than the Co—N bond
length in homoleptic terpyridine complex (2.022 À) and the homoleptic triazine
complex of 2,4,6-tris(2’-pyridyl)-1,3,5-triazine ligand (2.058 À). [16,171 The Co—N bond
lengths to the peripheral pyridine rings range from 2.134 À to 2.158 À, similar to those
found in terpyridine complexes of Co(fl).
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The phenyl ring is twisted by 13.30 relative to the central triazine ring (Figure 5.1).
This near planar arrangement is due to favourable N—to—CH hydrogen bonding
interactions between the N lone pairs and the H’s ortizo to the interannular bond. The
slight twist in the interannular bond is a resuit of edge-to-face pacldng between the
phenyl rings in different molecules of 2e, which are separated by 3.514 Â (Figure 5.2).
A planar arrangement should easily be adopted in solution which would permit greater
electron delocalization between the triazine and the phenyl ring. The two PF6 counter
ions are found ahove and below the planes of the triazine rings and do not interfere
with the phenyl pacldng arrangement, consistent with other extended packing
arrangements in the solid state.’81 There is also a short BrÏ—to—Br2’ distance of 3.395
Â between adjacent molecules which is indicative of favourable van der Waals
N5
N4
Figure 5.1 ORTEP diagram of 2e shown with 30% thermal eÏlipsoids. The
counteranions and solvent of crystallisation have been omitted for clarity.
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interactions which give rise to a linear one-dimensionai tape in the solid state (Figure
5.2).
In the electronic spectra of complexes 2a-c, a very weak metai-centred transition is
found at approximately 470 nm (Figure 5.3). The for these d—d transitions are
difficuk to identify due to the low energy tau from the ligand based transitions but the
extinction coefficients are in the order of 500 M cm1 for ail three complexes. For
applications in DSSC, a low extinction coefficient is desirable so as to minimise the
competition between the redox mediator and sensitiser for absorption in the visible
region. [57j Intense ligand based it —* iu transitions are observed in the UV region.
Lower energy it —* it transitions are observed for the Me and Br substituted complexes
as compared to the complex R = H. In 25, the electron donating methyl groups
destabilise the ligand 7t orbitais to a greater extent than the ligand it orbitais.
Conversely, in 2c the iigand it orbitais are stabilised to a greater extent than iigand 7t
orbitais due to the eiectron withdrawing nature of the bromine substituent.
Figure 5.2 Intermolecuiar packing forces in the soiid state structure of 2c: phenyi-to
phenyl distance = 3.514 Â and the Brl—Br2’ distance = 3.395 À. The PF6
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Figure 5.3 Electronic absorption spectra of complexes 2a (solid line), 2b(dash lime)
and 2c (dot une).
The electrochemistry of complexes 2a, 2b and 2c were rneasured using
tetrabutylammonium PF6 as a supporting electrolyte and a Pt electrode with ferrocene
as the internai standard. The data (reported versus SCE) are gathered in Table 5.2. The
Co(II)/(III) couples are centred at approximately +0.75 V, which is considerably more
positive than previously reported Co(II) of heterocyclic 1igands.571 In each case,
oxidative processes are irreversible, which may be a resuit of limited solubility of the
Co(III) species. It had prevïously been noted that irreversibility of the Co(IIJIII)
couple does flot necessarily translate into inefficient redox mediators, but sometimes
give rïse to the most efficient redox mediators.61 The more positive oxidation potential
of 2a-c as compared to terpyridine complexes of Co(II) is favourable with respect to an
increased photocurrent in DSSCs.71 The Co (111111) couple is only slightly affected by
subsitituent on the phenyl ring, with complex 2c being the most difficuit to oxidise as a
resuit of the electron withdrawing Br substituent and 2b being the easiest as a result of
the electron donating Me substituent. The Co(ll/I) couple is also affected by the
various substitutents, with 2b being the hardest to reduce and 2c the easiest to reduce.







Co(II) complexes of tridentate triazine-based ligands, either heteroleptic or homoleptic,
are readily synthesized and isolated. The electrochemical properties of the homoleptic
complexes indicate that the Co (111111) redox couples are more positive and more
favourable for DSSC than those of Co(II) terpyridine based complexes. The Co(IJJIII)
couple exhibits small shifts in oxidation potential upon modification of the phenyl ring
substituents, whereas the Co(IJJI) reduction potential is more readily modified. Further
modifications to directly substitute electron withdrawing and donating groups directly
on the triazine ring will be reported in due course.
backbonding of the metal centre to the ligand upon reduction. The two remaining
reductions are independent triazine-based reductions and follow the electron
withdrawing effect of the substitutents.
Table 5.2 Electrochemical redox potentials for complexes 2a-c in argon-purged
acetonitrile solutions (vs SCE).






-1.06 (72) -1.47 ($5)
-1.11 (66) -1.52 (64)
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Fe (II), Co(II), Ni(II) and Cu(II) complexes based on the triazine ligand 2,4-di(2’-
pyridyl)-6-(p-bromo-phenyl)- 1 ,3,5-triazine have been synthesised and characterised.
Solid state structures of the ligand and the Fe(II), Co(II) and Cu(II) complexes possess
Br-Br interactions linking neighbouring molecules to form 1-dimensional tapes.
Changing the phenyl substituent from a bromine to a methyl group eliminates the 1-
dimensional tape and gives rise to significant ic-stacking interactions.
5.5 Introduction
Controlled aggregation of metallic supramolecular assemblies through covalent or non
covalent approaches is of interest for device applications depending on the magnetic,3
redox4 or luminescent properties57 of the oligo- or poly-nuclear complexes under
study. Facile and rapid syntheses of such assemblies is of itself important and as a
consequence the synthetically favoured complexes of N-heterocyclic tridentate ligands
based on 2,2’:6’:2”-terpyridine (tpy) have been the focus of much attention.8 Whilst
complexes ofbidentate Ïigands such as 2,2’-bipyridine afford interesting properties,6
rapid synthesis of polymetallic systems can be problematic due to the separation of
facial and meridonal diastereomers.5
Three main approaches can be taken to obtain higher nuclearity complexes
based on tridentate tpy-type ligands (Figure 5.4). The first involves the synthesis of
poÏytopic ligands that can be applied to the metal-directed assembly of higher nuclear
complexes using covalent interactions (Figure 5•4)•81 1 The second and third
approaches involve the synthesis of monomeric complexes, which may 5e polymerised
through the use of covalent or non-covalent interactions. Although ‘chemistry-on-the
complex’ synthetic methods may prove useful to build up polymetallic arrays through
covalent interactions,12’ 13 this approach is limited by the solubility of the oligomeric
complexes in solution (figure 5.4b). On the other hand, rapid and controlled









Figure 5.4 Metal-containing polymers assembled by three approaches: a) A classical
coordination approach,’7’9 b) A ‘chemistry-on-the-complex’ approacli (including
electrochemically),2023 and c) the non-covalent assembling approach.’4’ 16
Many synthetic strategies have been developed to improve the properties of complexes
with tpy-type ligands.24 Substitution on the terpyridine core has proved efficient in
manipulating both magnetic and photophysical properties through electronic and steric
interactions.2527 Alternatively, the pyridyl rings can be replaced by different N
heterocyclic rings,28’29 as we previously reported for a Ru(II) family of complexes
based on 2,4-di(2-pyridyl)-6-phenyl-1,3,5-triazine ligand farnily.30’31 The most widely
studied triazine containing ligand, however, is the symmetric, commercially available
2,4,6-tris(2’-pyridyl)-1,3,5-triazine (tptz) ligand. Tptz has proved versatile in the
synthesis of Fe(II)3237, Co(II)35, Ni(II)38 and Cu(II)394’ complexes with interesting
properties and variable coordination modes. However, further substitution of the
ligand is difficult and structural and electronic diversity are thus limited. Using the
2,4-di(2-pyridyl)-6-phenyl-1.3,5-triazine ligand farnily, a range of substituents can be
introduced in order to tune and manipulate the photophysical and electrochernical
properties of their transition metal cornplexes.3142
Herein, we report the synthesis and characterisation of a family of Fe(II),
Co(II), Ni(ll) and Cu(II) complexes of bromophenyl- and toluyl-substituted tridentate
triazine-based ligands. The introduction of pendant Br-atoms enables us to gain
directional in the linking of cations in the solid state through non-covalent Van der
Waals interactions. These interactions have been exploited in both organic, inorganic
and hybrid materials, and the influence of the X-X interaction is highly dependant one
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the polarity of a M-X and C-X bond.4346 Despite the growing interest in the use of
such interactions in crystal engineering, to the best of our knowledge, there are no
examples in which this approach has been use to influence the aggregation of linear
redox or magnetically active complexes based on tpy or alternative tridentate ligands.
Halogen-halogen interactions may be classified into two types depending on the angles
01 and 02 (figure 5.5a).46b In type I interactions, the angles 0 and 02 are essentially
equal so that close contacts occur between identical portions of the halogen atom. The
interactions are allowed on consideration of the anisotropic behaviour of halogen
atoms, allowing short Van der Waals interactions in the equatorial plane. These
interactions may be shorter than the reported Van der Waals radii of the halogen in
question but are permitted due to the elongation of the electronic distribution giving a
non-spherical Van der Waals radÏi.46c Type II interactions are considered in terms of
‘X atom-polarisation’. In such systems the halogen is polarised positively in the polar
region and negatively in the equatorial region with a C-X bond lying perpendicular to
the second C-X bond (Figure 5.5b). The Br-Br interactions described in the complexes
in this chapter may be considered as type I interactions in which the anisotropic
electronic distribution permit short Van der Waals contacts. However, the short
contacts observed in the ligand may be considered as type II.
C.
Type I Type H









C 5.6 Resuits and Discussion
5.6.1 Synthesis
The ligands Li and L2 were synthesised by modified triazine ring-forming reactions
(Scheme 5.2).” 42 The original method could be improved by generating LiNMe2 ‘in
situ’, which proved more reliable than the use of LiNMe2 in the solid state.
Subsequent addition ofp-bromobenzonitrile or tolunitrile afforded an amidinate
intermediate which cyclised on addition of 2 equivalents of 2-cyanopyridine to afford
the triazine ligands Li and L2.
ii) M(II) saits, EtOH, A
U) NH4PF6
Scheme 5.2 Synthesis of complexes la-d and 2a-d.
The syntheses of complexes la-d and 2a-d were carried out in methanol or ethanol
(Scheme 1). Anhydrous solvents were employed for the synthesis of Ni(II) and Cu(II)
complexes in order to hinder hydrolysis of the triazine ligand which is promoted in
aqueous solutions.4749 A hot alcoholic solution of the appropriate metal salts was
added to an alcoholic solution of the ligand. Colour changes were observed
immediately depending on the metal ions used and refluxing was continued for 15-30
minutes. Addition of alcoholic NRPF6 or KPF6 to the reaction mixture resulted in the
precipitation of the complexes as their Pf6 saits upon cooling which were collected,














The ‘H NMR spectra were obtained in CD3CN for ail complexes. Complexes lb-d
and 2b-d are paramagnetic and the ‘H signais are considerabiy shifted and broadened
with respect to typical diamagnetic complexes. Ail signais were observed in the
paramagnetic spectwm for lb-c and 2b-c, however, one peak was missing in
complexes ld and 2d due to the broadening of signais. The ‘H NMR spectra of la and
2a resembie that of a iow spin diamagnetic Fe (II) complex although broadening of the
resonance closest to the metai centre, H6, is observed. This may indicate a smaii
paramagnetic contribution in the compiex for a largeiy diamagnetic ground state
(Figure 5.6).





































































































































































































































































































































































































































































































































































































































































































The solid state structures of the ligand Li and its complexes display interesting short-
range Br-Br interactions. The starting ligand, Li, crystallises in the monoclinic space
group P2Ic with two water molecules associated with each triazine ligand in the
asymmetric unit. The pyridyl and phenyl rings lie co-planar to the triazine rings with
twists of 2.3 (2) ° and 3.4 (2)° for the pyridyl rings and 1.2 (2)° for the bromo-phenyl
ring due to favourable N-to-CH hydrogen bonding interactions between the N lone
pairs and the H’s ortho to the interannular bond. Relatively short Br-Br distances were
observed between molecules, with each Br-atom being in close proximity to four
others in a zig-zagging arrangement (Figure 5.7).
147
c Figure 5.7 The Br-Br interactions observed in Li: the ac plane (above) and the abplane (below). The H20 solvent molecules have been omitted for clarity.
The molecules of Li stack on top of each other with off-set aromatic face-to-face
interactions. Each Br atom is in close proximity to four other Br atoms and distances
of 3.94 Â are observed vertïcally between layers of stacking ligands and 4.14 Â for the
diagonal contacts.
The H-atoms on the water molecules were disordered and couldn’t be found using
electron-density maps but an ideal model was found using CalcOH.t In this model, a
water molecule is H-bonded to the N-atoms of the distal pyridyl rings on the ligand.
The H-atoms of the second water molecule are H-bonded to the oxygen of the first
water molecule and in the extended lattice they form spiraling columns. Ligand Li
occupies gaps between column pairs.
from the WinGX software suite, version 1.64.04: J. Appt. Ciyst., 1999. 32, 563.
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Complexes la-d
The Fe (II) complex la recrystallises in the monoclinic space group, C21c and is
isostmctural to the previously published Co(II) complex lb.42 Purpie blocks of la
were obtained by slow diffusion of isopropylether into an acetonitrile solution. The
Fe(II) metal centre is in a distorted octahedral geometry coordinated to two tridentate
ligands as anticipated. Shorter Fe-N bond distances are observed to the central triazine
ring compared to the peripheral pyridyl rings due to the constraints imposed by the
tridentate ligand. Fe-N distances at 100 K are indicative of low-spin complexes, as
expected.27
The pendant phenyl rings are twisted by 18.6° in la and 13.3° in lb relative to the
central triazine ring. The twist in the interannular bond is a result of edge-to-face
packing between the phenyl rings in different molecules, which are separated by 3.57
Â and 3.51 Â (Figure 5.8), however, no favourable face-to-face packing interactions
were observed.
Figure 5.8 Br-Br interactions in the extended lattice in complex la.
Short Br-Br contacts are observed for la and lb with a distances of 3.45 Â and 3.40 Â,
respectively, between adjacent molecules, indicative of favourable van der Waals
interactions which give rise to a linear one-dimensional tape in the solid state (Figure
5•$)42
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Q No solvent molecules of crystallisation are observed in the structure of complex lb and
resolution of solvent in la was flot possible.
Table 5.4 Selected bond distances and angles for complexes la-d (trz = triazine, py =
pyridine).
la lb ic ld ld’
Bond Distances (À)
M - N (trz) 1.872 (5) 1.986 (3) 1.977(4) 1.992(4) 1.942 (2) 1.9995 (19) 1.951 (3)
M - N (py) 2.006 (6) 2.158 (4) 2.146(4) 2.163 (4) 2.152 (2) 2.320 (2) 2.205 (3)
M - N (py) 2.004 (6) 2.134 (3) 2.153 (4) 2.157(4) 2.149 (2) 2.283 (2) 2.230 (3)
Angles (°)
N(py)-M-N(py) 159.0 (2) 151.79 (13) 152.83 (14) 152.84 (14) 153.88 (8) 150.14 (7) 153.0 (1)
N(py)-M-N(trz) 79.3 (2) 75.99 (14) 76.89 (14) 76.75 (14) 77.21 (8) 75.79 (7) 76.6 (1)
N(trz)-M-N(py) 79.8 (2) 76.21 (14) 76.07 (14) 76.09 (14) 77.10 (8) 74.36 (7) 76.6 (1)
The Ni (II) and Cu (II) complexes, ic and ld, were initially recrystallised by slow
diffusion of isopropyl ether into acetonitrile solutions. The crystals of lc and ld are
isostructural and recrystallise in the tricÏinic space group PT with a full cation, two PF6
counter—anions and variable amounts of solvent for either complex in the asymmetric
unit. In both complexes the M-N bond distances differ from one ligand to the second
but the M-N elongation can be observed more clearly in the Cu(II) complex ld (Table
5.4). Cu (TI) ions are Jahn-Tellar unstable in a purely octahedral field and despite the
distorted octahedral arrangement of the [Cu(Ll)2J2 cation this effect is observed with
the elongation of the Cu-N bond distances in complex ld, an effect previously reported
for tpy-based systems.39 The asymmetry between the coordinated ligands accounts for
the change in the crystal structure system for complexes lc-d as compared to the la-b
in which both ligands are equivalent.
Unlike complexes la-b, significant face-to-face, 2t-stacldng interactions are observed
in lc-d, with the shortest contact between the pendant phenyl rings and the distal




presumably due to greater stabilisation gained from the 7t-stacldng interactions, which
inhibit short Br-Br contacts.
The dihedral angle between the triazine ring and phenyl ring on both ligands are 21.000
and 7.31° for lc and 19.45° and 7.62° in ld. In each case the slightly higher dihedral
angle accommodates the face-to-face r-stac1dng interaction which may preclude the
formation of stable Br-Br interactions. Both complexes have two PF6 counter ions
disordered over three sites.: It was found that crystallisation of ld by slow diffusion of
isopropyl ether into an acetone solution yielded crystals isostructural to la and lb.
The shortest Br-Br contacts are observed in ld’ with a distance of 3.33 Â. There is one
molecule of acetone per asymmetric unit which is disordered over two independent
sites. It appears that the acetone molecules of crystallisation limits the face-to-face it
stacking interactions observed in ld, thereby allowing halogen-halogen interactions to
play the determining role of the arrangement of cations in the extended lattice.
One anion is found on a general position with full occupancy. The remaining anion divided between
two sites, one of which is situated on an inversion centre; the other is disordered around an inversion
centre.
Figure 5.9 iu-Stacking interactions in the extended lattice in complex ld. The anions
and solvent molecules of crystallisation have been omitted for clarity.
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G Complexes 2a-d
Crystals were obtained for complexes 2a-d by slow diffusion of diethyl ether into an






































































































































































































































































































































































































































































C Table 5.6 Selected bond distances and angles for complexes 2a-d (trz = triazine, py =
pyridine).
2a 2b 2c 2d
Bond Distances (À)
M
- N (trz) 1.875 (2) 1.879 (2) 1.962 (2) 1.988 (3) 2.002 (3)
M - N (py) 2.006 (2) 2.009 (2) 2.215 (2) 2.155 (2) 2.261 (2)
M
- N (py) 2.008 (2) 2.006 (2)
Angles (°)
N(py)-M-N(py) 159.09(8) 159.04(7) 152.92(9) 153.07(11) 152.89(11)
N(py)-M-N(trz) 79.70 (8) 79.76 (8) 76.46 (5) 76.53 (6) 76.45 (5)
N(trz)-M-N(py’) 79.45 (8) 79.29 (8)
Complex 2a recrystallises in the monoclinic space group P21/n with one molecule and
two PF6- counter-ions in the asymmetric unit. Intermolecular face-to-edge 7t-stacking
interactions between neighbouring toluyl groups link the cations. Additional offset
face-to-face interactions can be found between toluyl and pyridyl groups, but no short
contacts exist between the pendant methyl group and methyl groups of neighbouring
molecules in the absence of a halogen group.
Complex 2b-d are isostructural and recrystallise in the tetragonal space group
14(1 )/acd. M-N bond distances are in agreement with complexes la-d, although the
asymmetric Jahn Tellar distortion observed in la is flot observed in 2d due to high
tetragonal symmetry in the cation resulting in both ligands being equivalent. Zig
zagging molecules are linked by face-to-face interactions between toluyl groups of
neighbouring molecules which comprise the corners of a square. The cations form
layers with each adjacent layer lying perpendicular to the previous (Figure 5.10). The




5.6.2 Electronic Spectroscopy and Electrochemistry
The electronic absorption spectra of Li and metal complexes la-d were measured in
acetonitrile and the data are collected in Table 5.7.
o
Figure 5.iO Arrangement of cations in the extended lattice of complex 2c. Counter
ions have been omitted for clarity.
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Q Table 5.7 Spectroscopic data for complexes Li, la-d, L2 and 2ada
Absorption
max’ nm (, M1cm1 x 1OE3)
Li 250 (16.7). 281 (36.3)
la 292 (62.6), 313 (sh), 546 (13.3), 597 (17.8)
lb 295 (54.8), 315 (sh),421 (0.33), 478 (0.30), 527 (0.26)
lc 295 (67.2), 328 (sh), 848 (0.07)
ld 286 (45.8), 325 (sh), 458 (0.05), 713 (0.07)
L2 246 (17.0), 280 (32.4)
2a 288 (73.5). 321 (sh). 543 (11.7), 595 (14.7)
2b 294 (56.9), 317(sh, 42.3), 429 (0.36), 483 (0.32), 529 (0.27)
2c 295 (73.8), 332 (5 1.4), 856 (0.05)
2d 297 (57.5), 326 (40.5), 711(0.09)
a In acetonitrile.
Ail of the complexes have lïgand-centred n—> 7t* and n—> it transitions in the UV
regions which are red-shifted as compared to the starting ligand. Complexes lb-d and
2b-d are iightly coioured due to weak, forbidden d-d transitions in the visible and near
W region of their spectra (Figure 5.11). Complexes la and 2a, however, are intenseiy
purpie due to an aliowed metal-to-ligand charge-transfer (‘MLCT) hand in the low
energy visible region (Figure 5.12). This is characteristïc for 10w-spin, predominantly
diamagnetic complexes of d6 metal ions. The ‘MLCT hand can be resolved into two
hands, which may be explained by the presence of ligand-based LUMO and LUMO +1







Figure 5.11 d-d transitions in the visible region of the spectra for complexes 25-d.





Figure 5.12 The UV-vïsible spectrum for complex la in acetonitrile.
The electrochemistry of complexes la-d were rneasured in acetonitrile versus TBAPF6
using a Pt electrode and ferrocene as the internai standard. The cyclic voltammogram
400 600 800 1000
, nm
300 400 500 600 700 800
, nm
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of la is shown in Figure 5.13. The anodic region lias a reversible Fe(II)/(IU) couple at
1.40 V. The cathodic region is rich with reversible ligand-based reductions involving
two one-electron reductions observed on each triazine ligand which can be compared
to the previously reported electrochemistry of lb, in which only two ligand-based
reductions were observed after the Co(II)/ (I) couple in the anodic region.42
figure 5.13 Cyclic voltammogram in acetonitrile with 0.1 M TBAPF6 of complex la
200 mVs’.
The same Fe(II)/(III) couple and ligand-based reductive processes are observed for 2a,
although a shift to more negative potential is observed due to the electron-donating
effect of the methyl substituent as compared to Br in la. The ligand-based reductions
of2a occur at the same potentials as [Ru(L2)2](PF6)2 (Table 5.8), suggesting that the
nature of the coordinating d6 metal lias little effect on the relative energies of the
ligand-based orbitals. However, the Fe(IlIIII) couple is 100 mV less positive wlien
compared to the Ru(II)/(III) couple. This resuit supports tliose from tlie UV-visible
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Table 5.8 Electrochemical redox potentials vs SCE for complexes in argon-purged
acetonitrile solutions.’
E112 (V) [AE, (mv)]
Complex M (111111)
la [Fe(Ll)21(PF6)2 ÷1.40 (77) -0.69 (65) -0.85 (62) -1.53 (79) -1.76 (irr)
2a [Fe(L2)2](Pf6), +1.36 (97) -0.75 (62) -0.91(75) -1.56 (99) -1.82 (irr)
[Ru(L2)21(PF6)2h +1.50 (101) -0.74 (64) -0.90 (70) -1.53 (84) -1.78 (87)
lb [Co(Ll),j(Pf6)2’ +0.77 tiff) -0.40 (52) -1.04(56) -1.46 (66)
2b [Co(L2)2](PF6)2 +0.74 (irr) -0.47 (64) -1.11 (66) -1.52 (64)
ic [Ni(L1)2J(Pf6)2
-0.76 (72) -0.88 (76) -1.46 (irr) -1.64 (irr) -1.76 (90)
2c [Ni(L2),](PF6), -0.87 (42) -1.00 (46) -1.70 (71)
ld [Cu(Ll),](PF6), -0.11 (if) -1.2$ (irr) -1.56 (irr)
2d [Cu(L2),](PF6)2 -0.50 (irr) -1.12 (if) -1.53 (100)
a Using ferrocene as an internai standard, b from reference .31, C from reference 42•
For the Ni(II) compiex ic, no metal-based oxidative processes are observed due to the
effect of the electron-deficient triazine rings on the Ni(II) centre. The first two
reversible reductions are iigand based followed by an irreversible metal-centred
reduction. As in the Fe(IT) complexes, a second reduction is observed on each triazine
ligand. For the Ni(II) complexes the difference between the toluyl- and bromo-phenyl
substituted triazine ligands is more significant. The first ligand-based reduction for ic
is 110 mV less negative as compared to 2c due to the electron-withdrawing nature of
the bromo-substituent.
Highly irreversible, extremely broad reductive signais were observed for Cu(II)
complexes ld and 2d at -0.11 V and -0.50 V, respectively, foliowed by adsorption
spikes at -1.2$ V and -1.12 V, respectively. These are consistent with a reduction of
Cu(II) followed by adsorption of Cu° to the electrode.’4 Despite the large difference
reported for the initial reductive process between complexes ld and 2d, the broadness
ofboth signais makes the difference less significant. An additional triazine-based




A bromo-functionalised triazine ligand has been synthesised and displays two
dimensïonal Br-Br interactions in the solid state. When complexed to Fe(II), Co(II)
and Cu(II) cations, halogen-halogen interactions are present in the solid state structure
to give linear one-dimensional tapes in the extended lattice depending on the solvent of
crystallisation. The presence of solvent can modify the formation of the one
dimensional tape as exemplified by the Cu(II) complex ld. Additional edge-to-face it
stacking interactions and Br-to face interactions are observed in complexes la-b and
ld. However, similar favourable 7t-interactions in complexes 2a-d do not require short
Me-Me contacts. The one-dimensional tape of Ni(II) complex ic have not been
obtained as yet. Initial 1H NMR studies of the Fe(II) complex indicate that these
complexes may have a paramagnetic contribution to the diamagnetic ground state.
Further magnetic measurements will be carried out to elucidate the nature of their spin
cross-over properties.
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Nuclear magnetic resonance (NMR) spectra were recorded in CD3CN at room
temperature (r.t.) on a Bruker AV400 spectrometer at 400 MHz for 1H NMR and at
100 MHz for 13C NMR. Chemical shifts are reported in part per million (ppm) relative
to residual solvent protons (1.93 ppm for acetonitrile-d3) and the carbon resonance of
the solvent. Absorption spectra were measured in air equilibrated acetonitrile at r.t. on
a Cary 500i UV-Vis-NW spectrophotometer.
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW multipurpose equipment interfaced to a PC. The
working electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internal 1
mM ferrocene/ferrocinium sample at 395 mV vs SCE in acetonitrile and 432 mV in
DMF. The concentration of the compounds was 1 mM. Tetrabutylammonium
hexafluorophosphate (TBAP) was used as supporting electrolyte and its concentration
was 0.10 M. Cyclic voltammograms were obtained at scan rates of 50, 100, 200, and
500 mV/s. For irreversible oxidation processes, the cathodic peak was used as E, and
the anodic peak was used for irreversible reduction processes. The criteria for
reversibiiity were the separation of 60 mV between cathodic and anodic peaks, the
close to unity ratio of the intensities of the cathodic and anodic currents, and the
constancy of the peak potentiai on changing scan rate. The number of exchanged
electrons was measured with OSWV, and by taldng advantage of the presence of
ferrocene used as the internai reference.
Experimental uncertainties are as foiiows: absorption maxima, ± 2 nm; molar
absorption coefficient, 10%; redox potentials, ± 10 mV.
Crystal Structure Determination
X-ray crystallographic data for la-d were collected from a single crystal sample, which
was mounted on a ioop fiber. Data were colÏected using a Bruker Platform
C diffractometer, equipped with a Bruker SMART 2K Charged-Coupled Device (CCD)
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C Area Detector using the program SMART and normal focus sealed tube source
graphite monochromated Cu-KŒ radiation.
X-ray crystallographic data for Li, 2a, 2c and 2d were collected from a single crystal
sample, which was mounted on a loop fiber. Data were collected using a Bruker
Platform diffractometer, equipped with a Bruker SMART 4K Charged-Coupled Device
(CCD) Area Detector using the program SMART and a rotating anode source Cu-Ka
radiation.
X-ray crystallographic data for 2b was collected with Mo Karadiation (?tzO.7 1073 Â,
2Omax 57•50, w scan mode) on a Bruker SMART CCD diffractometer, at 125 K.
Empirical adsorption corrections were applied using the SADABS program.
The structures were solved by direct method and refined using full-matrix least squares
on F2 using the SHELXTL suite of programs.5° The H atoms were generated
geometricaily ami were included in the refinement in the riding model approximation.
CCDC numbers 611625
— 611633 contain supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac .ukldata requestlcif.
Metal saits and other chemicals (Aldrich) were used as supplied. Li and L2 were
synthesised by a modified literature method.42 Complexes lb and 2b were prepared
according to literature methods.42
Li
BuLi (1.6M in hexanes, 5.10 mL, 8.13 mmol) was added dropwise to a stirred
solution of HNMe7(2M in THF, 4.10 mL, 8.13 mmol) in anhydrous Et20 (150 mL)
under an inert atmosphere. The mixture was stirred for 20 minutes until a white
suspension formed andp-bromo-benzonitriÏe (1.35 g, 7.39 miiiol) was added. The
triazine precipitated immediately and stirring continued for an hour. The reaction was
diluted with 5:1 mixture ofwater: EtOH (200 mL) and the solution was heated to
remove Et20. The white precipitate was collected by filtration and washed with EtOH
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(10 mL) and Et20 (50 mL) and dried to afford Li as a white powder (1.96 g, 68%
yield).
‘H NMR (CDC13, 400 MHz): 8.99 (d, J= 4 Hz, 2H) H6,6,,; 8.87 (d, J= $ Hz, 2H) H3,3»;
8.74 (d, J= $ Hz, 2H) H2»,6»; 8.0 (t, J= 7 Hz, 2H) H4,4,’; 7.73 (d, 1= 8 Hz, 2H) H3»,5»;
7.60 (t, 1= 5 Hz, 2H) Consistent with a previously published spectmm.42
[Fe(L)21(PF6)2 (la and 2a)
FeC12.H20 (0.046 g, 0.23 mmol) dissolved in ethanol (5 mL) was added to a stirred
solution of the ligand (0.46 rnmol) in ethanol (15 mL). The solution immediately
turned intense purpie and was heated to reflux for 20 minutes. On cooling, saturated
KPF6 (aq, 5 mL) was added and the product precipitated. The solid was collected and
washed with water, ethanol and diethyl ether to yield complexes la (0.24 g, 91%) and
2a (0.15 g, 67%).
la: ‘H NMR (CD3CN, 400 MHz): 9.16, d, 2H (8 Hz), H3,3,,; 9.12, U, 2H (8 Hz),
H2»,6»; 8.11, d, 2H (8Hz), H3»,5»; 8.11, t, 2H (8Hz), H4,4»; 7.74, s (br), 2H, H6,6»;
7.37, t, 2H (6 Hz), ESMS: M2- 4 18.3. CaIc. Anal. C38H24N,0Br2FeP2F12.2H20:
Calc:C, 39.27; H, 2.43; N, 12.05. Exp: C, 39.34; H, 2.22; N, 11.49.
2a: ‘H NMR (CD3CN, 400 MHz): 9.21, d, 2H (8 Hz), H3,3»; 9.12, d, 2H (8 Hz),
H2»,6»; 8.12, t, 2H (8Hz), H4,4»; 7.8$, s (br), 2H, H6,»; 7.74, d, 2H (8Hz), H3»,5»;
7.41, t, 2H (6 Hz), H55»; 2.64, S, 3H, HMe. ESMS: M2-353.5. Anal. Caic.
C40H30N,0FeP7F1,: Catc:C, 48.21; H, 3.03; N, 14.06. Exp: C, 48.23; H, 3.32; N, 14.21.
[Ni(L)2J(PF6)2 (ic and 2c)
Ni(OAc)2 (0.038 g, 0.15 mmol) dissolved in ethanol (15 mL) was added to a stirred
solution of the ligand (0.30 mmol) in ethanol (30 mL). The mixture turned
greenlyellow immediately and was heated to reflux for 15 minutes. On cooling,
ethanolic KPF6 was added and the green precipitate was collected and washed with
water, ethanol and diethyl ether to yield complexes ic (0.12 g, 68%) and 2c (0.085 g,
0 56%).
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ic: ‘H NMR (CD3CN, 400 MHz): 7.78, 12.42, 13.86, 43.22, 71.95, 124(br).
Anal. Calc. C38H24N10NiP2F17: Catc:C, 40.42; H, 2.14; N, 12.41. Exp: C, 40.66; H,
2.43; N, 12.4$.
2c: ‘H NMR (CD3CN, 400 MHz): 0.14, 7.46, 12.53, 13.80, 43.12, 7 1.70, 123 (br).
Anal. Caic. C40H30N,0NiP,F12: Caïc: C, 48.07; H, 3.03; N, 14.02. Exp: C, 48.42; H,
3.02; N, 13.83.
[Cu(L)2j(PF6)2 (ld and 2d)
Cu(N03)2.H20 (0.14 g, 0.62 mmol) dissolved in ethanol (15 mL) was added to a stirred
solution of the ligand (1.23 mmol) in ethanol (30 mL). The mixture turned green
immediately and was heated to reflux for 15 minutes. On cooling, ethanolic KPF6 was
added and the green precipitate collected and washed with water, ethanol and diethyl
ether to yield complexes ld (0.55 g, 79%) and 2d (0.42 g, 68%).
ld: ‘H NMR (CD3CN, 400 MHz): 7.4 1, 9.30, 10.22, —25 (br), —37 (y br), 1 peak
missing.
Anal. Calc. C38H24N,0Br2CuP2F,2.H2O: CaÏc:C 39.62, H 2.27, N12.16 Exp: C39.46, H
1.58, N 12.03.
2d: ‘H NMR (CD3CN, 400 MHz): 1.00, 7.04, 9.40, 10.19, —25 (br), —3$ (y br), 1
peak missing. Anal. Calcd. C40H30N,0CuP2F12: CaÏc:C 47.84, H 3.01, N13.95 Exp:
C48.01, H 2.64, N 13.88.
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Fe (II) complexes based on ligands containing a 1 ,3,5-triazine core have been
synthesised and characterized and their electrochemical, spectroscopic and magnetic
properties have also been investigated. The incorporation of various substituted metal
binding heterocycles into the 2,4-positions of the triazine allows the properties of the
complexes to be varied considerably. Whereas the magnetic moments of the pyridyl
(lb: 2.4 B. M.) and pyrazyl tic: 4.2 B. M.) substituents lead to spin cross-over
complexes, the 6-picolyl (ld: 5.4 B. M.) substituent is a pure Curie paramagnet at 300
K. Interestingly, the Fe(II) complex of bromo-phenyl-2,2’ :6” ,2” ‘-terpyridine (la)
displays significant anion effects in the solid-state, with the C104 sait exhibiting
diamagnetic behaviour (2.1 B. M. at 300 K) and the PF6 sait spin cross-over properties
(3.5 B. M. at 300 K). The Fe-N bond distances observed in the 6-picolyl complex
[Fe(ld)2](C104)2 for both the central rings 2.084 (5) Â and the distal rings 2.254 (4) Â
and 2.369 (4) Â are significantly longer than those of the pyridyl complex
{Fe(lb)2J(C104)2 (centre: 1.869 (4) Â; distal: 1.992 (4) Â; distal: 2.005 (4) Â) due to
steric strain and the high-spin nature of [Fe(id)2](Cl04)2.
6.1 Introduction
The ability to control and fine-tune the magnetic and electronic properties of transition
metal complexes is fundamental to the development of efficient molecular electronic
devices based on metal ions.1 Transition metal complexes with the potential to undergo
a change of spin state are particularly good targets for development towards molecular
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switches as the optical, magnetic and geometric properties may change significantly
following a change in spin state.2 In this regard, complexes with d6 to d7 electronic
configurations are of great interest as they are able to undergo spin transitions between
their low-spin and high-spin states and, consequently fe(II) and Co(II) coordination
complexes have been studied extensively.25
In general, Fe(ll) complexes incorporating polypyridine ligands are low spin and
diamagnetic at room temperature which allows temperature-induced changes in spin
state to be monitored by NMR spectroscopy.6 The spin state may also be manipulated
by incorporating electron-donating or -accepting groups onto the framework and
through the introduction of steric bulk, steric strain, or mechanical strain within the
ligand.7’° These modifications alÏow access of high and low spin complexes as well as
complexes in which Fe(II) cation is intermediate between the two states which are
termed spin cross-over complexes. Another approach to alter the magnetic beliaviour
of the complexes involves substitution of the pyridyl rings within the tpy-motif with
different heterocycles’ 1-19 as the substitution of distal pyridyl rings in the tpy core is
relatively facile. However, there are fewer examples of Fe(II) complexes of tridentate
ligands in which the central ring lias been substituted.20’2’ One example of sucli a
ligand is 2,4,6-tris(2’ -pyridyl)- 1,3,5 -triazine (tpt) which is readily synthesised and
commercially available.22 The Fe(tpt)22 complex is diamagnetic and stable at room
temperature,2326 although due to the nature of the tridentate ligand, further
functionalisation is difficult.
We have previously synthesised a family of triazine ligands based on 2,4-di(2’-
pyridyl)-6-(plienyl)-l,3,5-triazine. The pendant phenyl ring can lie readily substituted,
thus enabling fine tuning of electronic and redox properties in Ru(TI) and Co(II)
complexes.273° For example, if a bromophenyl-functionalised triazine ligand is
employed we are able to gain directional control of the arrangement of cations in the




Figure 6.1 Halogen-halogen interactions in Ru(II), Fe(II), Co(II) and Cu(II)
complexes of bromine-substituted triazine ligands.3’
Herein, we report the synthesis, electronic and magnetic properties of a series of
triazine-based Fe(II) complexes. Whilst substitution on the pendant phenyl ring has
proved effective in the fine tuning of the electronic properties, substitution on the
pyridyl rings provides coarse changes in the electronic, redox and magnetic properties
of the assembled complexes.
6.2 Resuits and Discussion
6.2.1 Synthesis
In order to develop spin cross-over properties in a series of Fe(ll) complexes, we
required a flexible synthetic strategy to obtain various ligands. Triazine appeared to 5e
the best choice for incorporation into the ligand design as it has a weaker ligand field
strength as compared to pyridine, which should favour spin cross-over complexes.
Thus, in a similar fashion to the one-step synthesis of tpy (Fig. 6.2a), we examined a









Figure 6.2 a) One-step terpyridine synthesis (above),32 b) Triazine ring-forming
reaction (beÏow).2729’33
The synthetic procedure reported for triazine ligands, Fig. 6.2b, is general for a range
of R groups substituted on the phenyl ring. As seen in Fig. 6.3, we were interested in
retaining the bromo-phenyl pendant ring and in examining the versatility of this
reaction by methyl substitution on the distal pyridyl rings (Fig. 6.3, le) or replacing the
pyridyl rings with an alternative heterocycle (pyrazine, Fig. 6.3, ld). For the synthesis
of ic and ld, bromobenzonitrile was added to a stirred solution of LiNMe2 in
anhydrous diethyl ether. The amidinate intermediate that forms reacts with two
equivalents of 2-cyanopyrazine or 2-cyano-6-methylpyridine and cyclisation affords
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lb Ic
[Fe(l a)2J2 [Fe(l b)2]2 [Fe(1 c)2J2 [Fe(l d)2J2
Figure 6.3 The brominated terpyridine and triazine ligands and their fe(ll) complexes
used in this study.
Fe(II) complexes of ligands la and lb could be synthesised as both the PF6 and C104
salts, however, complexes of ligands lc and ld were only isolated as perchiorate saits
due to the instability of the complexes on counter-ion exchange. Complexes
[Fe(la)2](PF6)2 and [Fe(lb)2J(PF6)2 were synthesised by adapting a reported
procedure.3’ Complexes of the type Fe(L)2(C104)2 were synthesised by addition of
Fe(Cl04)2.6H20 in acetonitrile to a stirred solution of the ligand in acetonitrile. After
20 minutes of heating, the solvent was removed under reduced pressure and the
mixture was taken up in a small amount of acetonitrile and precipitated in Et20. The
purpie or red product was isolated by filtration and dried.
la




The ligands and complexes were characterised by ‘H NMR and their chemical shifts
are shown in Table 6.1. The variable temperature spectra of complex [Fe(lb)21(PF6)2
are shown in Fig. 6.4 and the paramagnetic spectrum for complex [Fe(ld)2](C104)2 in
Fig. 6.5.
Complexes [Fe(1a)2]2, [Fe(1b)2]2 and [Fe(1c)2]2 showed signals in the 7-li ppm
range at room temperature indicating the presence of low-spin complexes. However,
less resolution was observed for the ‘H signals closest to the coordinating N-atom in
[Fe(1b)2J2 and [Fe(1c)2j2 as their PF6 and Cl04 saits. Increasing the temperature
resulted in the loss of signal structure of the next closest signais, H3 and H5, followed
by H4, being furthest from the coordinating site (Fig. 6.4). The phenyl protons





Figure 6.4 Variable temperature ‘H NMR spectra [Fe(1b)2]2 as the PF6 sait in
CD3CN at 400 MHz.
The shift to low field of H6 is unexpected as compared to structurally similar
paramagnetic complexes based on the Fe(tpy)22 motif in which a high-field shift is
observed into the negative ppm range.9 In addition, other complexes showing spin
C crossover properties had ‘H NMR spectra with paramagnetic signais corresponding to
11 10 9 8
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the high-spin complex and diamagnetic sub-spectrum as a resuit of slow exchange of
the two states. However, no clear sub-spectrum or paramagnetic spectrum was
observed for [Fe(lb)2](PF6)2 indicating that the exchange of spin states is occurring
faster than the NMR time scale. The room temperature spectrum is more characteristic
of a low spin complex despite the broadening observed, suggesting that the
diamagnetic contribution is greater in the equilibrium between spin states.
Table 6.1 1H NMR signais obtained in CD3CN at room temperature for ic, ld and the
Fe(fl) complexes of la-d as their perchiorate salts.
Cpd 3 3?? 4 4?? 5 5?? 6, 6” 3? 5? 3111 5??? 2”’, 61fl Me
ic 9.98 8.94 8.87 7.77 8.69
ld 8.63 7.85 7.41 7.71 8.67 2.80
[Fe(1a)2J2 8.63 7.93 7.11 7.20 9.19 8.02 8.26
-
{Fe(1b)2J2 9.16 8.10 7.37 7.76 - 8.10 9.11
-
[Fe(1c),12 10.26 8.71 8.32
- 8.12 9.11
[fe(1d),]2 52.5/53.8 13.08 52.5/53.8 -
- 7.66 3.33 -1.56
j
60 50 43 30 20 10 0
(ppi)




Figure 6.6 X-ray crystal structures of complexes [Fe(la)2](PF6)2 and [Fe(lb)2](Cl04)2
as ORTEP representations. Thermal ellipsoids are set at 50%. The anions and solvent


















































































































































































































































































































































































































































































































































C Purple crystals of [Fe(lb)2](C104)2 and {Fe(ld)2](C104)2 were obtained by slow
diffusion of isopropyl ether into acetonitrile solutions of the complexes. Efforts to
obtain crystals of {Fe(lc)2](C104)2 were unsuccessful but addition of excess NH4PF6 to
the acetonitrïle solution followed by filtration and crytallisation by slow diffusion
yielded purple crystals as the mixed sait. Attempts to crystallise [Fe(la)2](C104)2 were
aiso unsuccessful, but acceptable crystals were obtained as the PF6 sait.
Both complexes [fe(la)2J(PF6)2 and [Fe(lb)2](C104)2 crystallised in the triclinic
space group Pf with one complete molecule, 2 counter-ions and two or three
acetonitrile solvent moiecules in the asymmetric unit. Complexes [Fe(lc)2](C104)(PF6)
and [fe(ld)2](C104)2 crystallised in the monoclinic space group C2/c.
11e Fe-N (centre) bond distances in ail the complexes are shorter than the Fe-N (distal)
bond distances. The Fe-N bond distances of [Fe(la)2](Pf6)2 were unexceptional for
Fe(tpy)-type complexes and those for complex [fe(lb)2](C104)2 were similar to those
found in the previously reported structure reported as the PF6 sait.3’ The Fe-N bond
distances in [Fe(lc)2](C104)(PF6) were lengthened to the central triazine ring as
compared to [Fe(lb)2](C104)2, but shorter to the peripheral pyrazine rings when





A significant elongation of Fe-N bond distances is observed in complex
[Fe(ld)2](C104)2 for both the central rings and the distal rings due to a combination of
the steric strain imposed by the methyl substituents and the consequential occupation
of anti-bonding metal-based orbitais in the high spin compiex. Ibis is consistent with
the formation of a high-spin compiex. Smaller bite angles (72-73°) are reported for the
high-spin complex due to the elongation of the Fe-N bonds consistent with
observations made from high-spin tpy-based complexes.9
N13 N4 N5
Figure 6.7 X-ray crystal structures of complexes [Fe(lc)2](C104)(PF6) and
[Fe(ld)2](C104)2 as ORTEP representations. Thermai ellipsoids are set at 50%. The
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Intermoiecular Br-Br interactions are observed in ail of the complexes in the extended
lattice similar to those reported for Co(IT) complexes of related ligands.29’3’
Intermolecular Br-Br distances of 3.46 Â, 3.42 Â and 3.55 Â are observed for
{Fe(la)2](PF6)2, {Fe(lb)2J(C104)2 and [Fe(ld)2](C104)2, respectively, which are ail
shorter than the sum of the Van der Waals Br radii giving rïse to 1-dimensional tapes
running throughout the lattice (Fig. 6.8). In complex [Fe(lc)2J(C104)(PF6), the Br-Br
contacts have lengthened to 4.26 Â.
Table 6.3 Selected bond distances
[Fe(la)2J(Pf5),
and angles for the Fe(II) complexes of la-d.
[fe(lb),J(C104)2 [fe(lc)21(C103)(PF6) {fe(ld),1(C104)2
180
Figure 6.8 Short Br-Br contacts in the extended lattice of complex [Fe(ld)2](C104)2.
Anions and acetonitrile solvent molecules have been omitted for clarity.
6.2.3 Electrochemistry and Electronic Spectroscopy
The redox potentials for the Fe(II) complexes as their C104 saits are shown in Table
6.4.
Table 6.4 Electrochemical data in CH3CN solutions at 293K.a
El/7(ox) Ei,2(red)
[Fe(1a)2]2 1.11 (75) -1.20 (68) -1.32 (57)
[Fe(1b)2]2 1.38 (106) -0.69 (66) -0.84 (67) -1.52 ($2) -1.82 (irr)
[Fe(1c)7]2 1.89 (in) -0.42 (69) -0.51 (69) -1.13 ($2) -1.40 (55)
[Fe(1d)2]2 1.62 (in) -0.5 1 (54) -0.7$ (76) -1.62 (in) -1.80 (in)
[Fe(tpy)2J2+cD 1.10 (70) -1.13 (70) -1.27 (60) -1.94 (70)
a Potentials are in volts vs SCE for acetonitrile solutions, 0.1 M in TBAP, recorded at
25 ± 10 C at a sweep rate of 200 mV/s. Unless otherwise stated couples are reversible. b




The Fe(II)/(ITI) couples dominate the anodic region and Iigand-based reductions
dominate the cathodic region of the cyclic voltammograms. The Fe(II)/(III) couples of
the triazine-based complexes are irreversible as their Cl04 saits, aithough the same
couple of [Fe(lb)2J(PF6)2 is reversible, presumably due to the improved solubility of
the PF6 salts in acetonitrile solution.3’ 11e metal-based oxidation of [Fe(la)2](C104)7
is observed at +1.11 V, which is in agreement of the parent complex [Fe(tpy)2J2
(+1.10 V) indicating that bromophenyl substitution of the tpy core bas a minimal effect
on the metal-based orbitais. The same Fe(II)/(ffl) couple in the triazine-based
complexes occurs at a significantÏy more positive potential (1.3$- 1.89 V) due the
electron-deficient nature of the triazine ligands as compared to the tpy ligand.
Similarly, the triazine based complexes are easier to reduce than the terpyridine
complexes. In complex [Fe(la)7](C104)2, a one-electron reduction of one terpyridine is
observed followed by a second one-electron reduction of the second terpyridine ligand
with a peak separation of 120 mV between reductions. The separation between the
reductions of the first and second triazine-based ligand in [Fe(lb)2](C104)2 is 150 mV,
which indicates greater sensitivity of the triazine ligands to reductive processes. An
additional triazine-based reduction is observed on both lïgands to give a total of four
reductions for the complexes of triazine ligands.
The Fe(II) centres of complexes [Fe(lc)2](C104)2 and [Fe(ld)2](C104)2 are
significantly more difficuit to oxidise and the ligands significantly easier to reduce than
triazine complex [Fe(lb)2](C104)2. The pyrazine rings are more electron deficient than
the pyridyl rings in {Fe(lb)2](C104)2 thereby withdrawing more electron-density away
from the metal centre. The positive shift, despite the introduction of electron-donating
methyl groups in [Fe(ld)2J(C104)7, is a consequence of the high spin-state and weaker
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Figure 6.9 Cyclic voltammograms of (above) [Fe(lb)2J(C104)2 and [Fe(ld)2](C104)2






Table 6.5 Spectroscopic data in CH3CN solutions at 293K.
Absorption





286 (67.3), 319 (42.7), 359 (7.2, sh), 568 (19.3)
288 (67.1), 316 (40.3, sh), 548 (10.5), 597 (13.8)
285 (71.3), 326 (43.4, sh), 533 (11.5), 576 (15.4)
290 (52.9), 328 (26.9, sh), 400 (1.2, sh), 507 (0.4)
The absorption spectra of [fe(la)2](C104)2, [Fe(lb)2](C104)2 and [Fe(ld)2](C104)2 are





Figure 6.10 Electronic spectra in acetonitrile for complexes [Fe(la)2](C104)2 (dotted
une), [Fe(lb)21(C104)2 (dashed-line) and [Fe(ld)2J(C104)2 (straight une).
[Fe(ld)2](C104)2 is expanded in the visible region in the inset.
The UV regions of the electronic spectra for ail of the Fe(II) complexes are dominated
by ligand-centred it—* and n— it transitions. The visible regions are dominated by
MLCT hands albeit they are much less intense in the high-spin complex









be as a resuit of poor overlap between the ligand and metai orbitais due to the
elongated bond distances. The’MLCT absorption band in complex [Fe(la)2](C104)2 is
reiatively sharp (569 nm) with a high energy shoulder. The transition is red-shifted
compared to the parent compiex [Fe(tpy)2)]2 (552 nm) as the bromophenyi substituent
iowers the energy of the ligand based LUMO.35 The triazine compiex,
[Fe(lb)2](C104)2, has two resolved MLCT bands at 542 and 597 nm, which may be a
consequence of transitions to a triazine-based LUMO and a iow-lying, triazine-based
LUMO+1 orbital in the ligand. The two transitions may be considered as MLCT
transitions to the iigand-based LUMO and LUMO + 1.
6.2.4 Magnetic measurements
The magnetism of the complexes was studied in solution at room temperature using the
modified Evan’s method and in the solid state using a SQUffl magnetometer from 2-
300 K. In solution, it was confirmed that [Fe(1a)2]2 is diamagnetïc at room
temperature, consistent with the diamagnetic solution behaviour previousiy reported
for an Fe(II) compiex of a toiyl-tpy iigand.7 The parent complex, [fe(tpy)2]2, is
considered iow spin at room temperature irrespective of its counter-anion.34 In contrast,
[Fe(la)2J(PF6)2 has significant paramagnetic contributions to the magnetic moment
(3.5 B. M.) at 300 K in the solid state, whereas the perchiorate sait remains largeiy
diamagnetic (fig. 6.1 1). The magnetic moment of compÏex [Fe(1b)2J2 as both the
PF6 and Ci04 saits differ marginally between 2-300 K (Fig. 6.11), with the PF6 sait
having slightly greater paramagnetic contribution (2.5 B. M.) and slow spin cross-over
properties up to room temperature. Compiex [Fe(lc)2](C104)2 shows behaviour simiiar
to complex [Fe(lb)2](Ci04)2 with a magnetic moment of 4.2 B. M. at 300 K, more









Figure 6.11 Variable temperature magnetic susceptibility data for [Fe(la)2J21 (above)
and [Fe(1b)2J2 (below) as the Pf6 saits (-.-) and C104 saits (-.-).
A plot of l/ vs temperature for complex {Fe(ld)2](C104)2 indicates a zero
value for the Weiss constant, thereby suggesting that complex [Fe(ld)2](C104)2 is a
pure Curie paramagnet. lie magnetic moment measured between 20-300 K
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Below 20K there is a reduction in the magnetic moment, down to 3.9 B.M. at 4 K,
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Figure 6.12 Plot of the variable temperature magnetic moment of [Fe(ld)2J(C104)2.
6.3 Conclusions
In solution complex [Fe(1a)2]2 is low spin, with no evidence of a paramagnetic
contribution. The solid-state measurements indicate significant high-spin contributions
as the Pf6 salt which are absent in the C104 saits. The solution and solid state
magnetic data for complexes [Fe(lb)2](C104)2 and [Fe(lc)2](C104)2, on the other hand,
indicate a small paramagnetic contribution to a largely diamagnetic ground state, due
to the weaker ligand field strength of the triazine containing ligands. Modification of
complex [Fe(lb)2](C104)2 with methyl substituents in the 6-position of the pyridyl
rings induce sufficient steric strain to force a high spin configuration over the
temperature range 20-300 K. These results indicate that steric strain invokes a greater
spin cross-over effect than variations in the eÏectronic properties due to heterocyclic
C
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C substitution. We are currently undertaldng further investigations of phenyl-tpy type
ligands and the effects of substitution at other positions on the ligands.
CCDC-6 19603 & 619606 contains the supplementary crystallographic data for this
paper. This data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via other www. ccdc. cain. ac. uWdata_request/cf
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6.4 Experimental
Materials and Instrumentation
Nuclear magnetic resonance (NMR) spectra were recorded in CD3CN at room
temperature (r.t.) on a Bruker AV400 spectrometer at 400 MHz for ‘H NMR and at
100 MHz for ‘3C NMR. Chemical shifts are reported in part per million (ppm) relative
to residual solvent protons (1.93 ppm for acetonitrile-d3) and the carbon resonance of
the solvent. Absorption spectra were measured in deaerated acetonitrile at r.t. on a
Cary 500i UV-Vis-NW Spectrophotometer.
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW multipurpose equipment interfaced to a PC. The
worldng electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internal 1
mM ferrocene/ferrocinium sample at 395 mV vs SCE in acetonitrile and 432 mV in
DMF. The concentration of the compounds was 1 mM. Tetrabutylammonium
hexafluorophosphate (TBAP) was used as supporting electrolyte and its concentration
was 0.10 M. Cyclic voltammograms were obtained at scan rates of 50, 100, 200, and
500 mV/s. For irreversible oxidation processes, the cathodic peak was used as E, and
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the anodic peak was used for ineversibie reduction processes. The criteria for
reversibility were the separation of 60 mV between cathodic and anodic peaks, the
close to unity ratio of the intensities of the cathodic and anodic currents, and the
constancy of the peak potential on changing scan rate. The number of exchanged
electrons was measured with OSWV, and by taldng advantage of the presence of
ferrocene used as the internai reference.
Variable temperature magnetic data were obtained with a Quantum Design MPMS5S
Squid magnetometer operating in DC mode. Samples were prepared in gelatine
capsules or aluminium cups, and measured data were corrected for sample holder
response, and underlying sample diamagnetism using Pascal corrections.
Experimental uncertainties are as follows: absorption maxima, ±2 nm; molar
absorption coefficient, 10%; redox potentials, ± 10 mV.
Synthetic Procedures
la, lb and Fe(L)2(PF6)2 complexes were synthesised as previousiy described.29’31’32
le
‘BuLi (Ï.6M in hexanes, 11.0 mL, 0.01$ moi) was added dropwise to a stirring
solution of HNMe2 (2M in THF, 8.8 mL, 0.01$ mmol) in anhydrous Et20 (150 mL)
under an inert atmosphere. The mixture was stined until a white suspension formed
(20 minutes) andp-bromo-benzonitrile (3.00 g, 0.0 16 mol) was added to the mixture as
a solid. The mixture was stirred for one hour, followed by addition of 2-cyanopyrazine
(3.47 g, 0.03 3 mol). The reaction was stirred under N2 for four hours and in air for a
further 30 minutes. The solid was collected by filtration, recrystallised from
ethanol:water 1:2, washed with diethyl ether and dried to afford le as a white powder
(1.00 g, 16% yield).
‘H NMR (400 MHz, CDC13): 9.98, d, 2H, (J= 1 Hz), H3,3 ; 8.94 (t, 1= 2 Hz, 2H) H55
8.87 (d, J= 2 Hz, 2H) H66»; 8.69 (d, 1= 9 Hz, 2H) H2»,6»; 7.77 (d, 1= 9 Hz, 2H)
‘3C {1H) NMR (100 MHz, CDC13): 128.65, 130.56, 13 1.97, 133.21, 144.65,
145.87, 147.01, 148.02, 170.37, 172.12. Higli Res ESMS m/z calcd for C17H,,N7Br:
C [M+H] 392.02594; Found: 392.02582.
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ld
BuLi (1.6M in hexanes, 1.45 mL, 2.32 mniol) was added dropwise to a stirring
solution of HNMe7 (2M in THF, 1.16 mL, 2.32 mmol) in anhydrous Et20 (30 mL)
under an inert atmosphere. The mixture was stirred until a white suspension formed
(20 minutes) andp-bromo-benzonitrile (0.38 g, 2.11 mmol) was added to the mixture
as a solid. The mixture was stirred for one hour, followed by addition of 2-cyano-6-
methylpyridine (0.50 g, 4.23 mmol). The reaction was stiired under N2 overnight and
in air for a further 30 minutes. The solid was collected by filtration, recrystallised from
ethanol:water 1:2, washed with diethyl ether and dried to afford ld as a white powder
(333 mg, 38% yield).
‘H NMR (CDC13, 400 MHz): 8.67 (d, 1= 9 Hz, 2H) H2»,6»; 8.63 (d, J $ Hz, 2H) H3,3»;
7.85 (t, J= 8 Hz, 2H) H4,4»; 7.71 (d, 1= 9 Hz, 2H) H3»,5»; 7.41 (d, J= 7 Hz, 2H) H5,5»;
2.80 (s, 6H) ‘3C {1H} NMR (CDCI3, 100 MHz): 23.90, 121.84, 126.37, 127.7 1,
130.29, 131.63, 133.95, 137.09, 151.96, 159.14, 171.11, 17l.17.Anal. Cale. For
C21H,6BrN5: C, 60.30; H, 3.86; N, 16.74. Found C 59.87; H, 3.8$; N, 16.52.
[Fe(la)2](C104)2: la (19$ mg, 0.51 mrnol) was dissolved in acetonitrile (30 mL) and
heated gently. In a separate flask, the Fe(Cl04),.6H20 (65 mg, 0.26 mmol) was heated
in acetonitrile (5 mL) and was then added on stining to the ligand solution. An intense
purple colour was ïmmediately observed and stirring and heating were continued for a
further 10 minutes. The solution was filtered, cooled and the solvent removed. The
solid was dissolved in a minimum amount of acetonitrile and added to diethyl ether
(200 mL). The solid was collected and dried to afford [Fe(la)2](C104)2 as a purpie
powder (150 mg, 57% yield).
‘H NMR (CD3CN): 9.19 (s, 2H) H3’5’; 8.63 (d, J= 2H, $ Hz) H33»; 8.26 (d, 1= 8Hz,
2H) H2»,6»; 8.02 (d, 1= 9 Hz, 2H) H3»5»; 7.91 (td, J= $ Hz, 1 Hz) I144». 7.20 (d, J= 6
Hz, 2H) H66»; 7.11 (td, J= 6Hz, 1Hz, 2H) H5,5». ESMS: M2- 416.4. Anal. Calcd for:
C42H28N6Br2Fe1(C104)2.H20: C, 48.08; H, 2.8$; N, 8.01. Found: C, 47.94; H, 2.37; N,
7.89.
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[Fe(lb)2](C104)2: The same method of preparation was used as [Fe(la)2J(C104)2,
starting with Fe(C104)2.6H20 (65 mg, 0.26 mmol) and lb (199 mg, 0.51 mmol)
[Fe(lb)21(C104)2 was isolated as a purpie powder (115 mg, 44% yield).
‘H NMR (CD3CN): 9.16 (d, J= 8Hz, 2H) H3,3»; 9.11 (d, J= 9Hz, 2H) H2»,6»; 8.10
(m, 4H) H4,4»; 7.76 (s, broad, 2H) H6,6»; 7.37 (t, 1= 6 Hz, 2H) ESMS:
M2- 418.3. Anal. Calcd for: C38H74N,oBr2Fei.(C104)2: C , 44.09; H, 2.34; N, 13.53.
Found: C, 43.77; H, 1.86; N, 13.41.
[Fe(lc)2](C104)2: The same method of preparation was used as [Fe(la)2J(C104)2,
starting with Fe(C104)2.6H20 (65 mg, 0.26 mmol) and ic (200 mg, 0.51 mmol)
[Fe(lc)2](C104)2 was isolated as a purpie powder (162 mg, 56% yield).
‘H NMR (CD3CN): 10.26 (s, broad, 2H) H3,3,,; 9.11 (d, J= 9 Hz, 2H) H2»,6»; 8.71 (s
(broad), 2H) H5,5»; 8.32 (s, broad, 2H) H6,6,’; 8.12 (d, J= 9 Hz, 2H) High Res
ESMS m/z calcd for C34H20N,4Br2Fe: [MJ2419.9845; found: 419.9846. Anal. Calcd
for: C34H20N14Br2Fe1(C104)2.0.5(H20): C, 38.96; H, 2.02; N, 18.7 1. Found: C, 39.30;
H, 1.94;N, 18.87.
[Fe(ld)2](C104)2: The same method of preparation was used as [Fe(ld)2](C104)2,
starting with Fe(C104)2.6H20(30 mg, 0.12 mmol) and ld (100 mg, 0.24 mmol).
[Fe(ld)2](C104)2 was isolated as a red solid ($0 mg, 61% yield).
‘H NMR (CD3CN): 53.83, 52.49, 13.08, 7.66, 3.33, -1.56. High Res ESMS rn/z calcd
for C34H20N,4Br2Fe: [M]2 445.0263; found: 445.0270. Anal. Calcd for:
C42H32N,oBr2Fe,(C104)2.H20: C, 45.47; H, 3.09; N, 12.63. Found: C, 45.72; H, 2.64;
N, 12.81.
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G Chapter VII: Minimal reorganisation in the
electrochemically driven oxidation
of a binuclear, double helical CutI)
complex of a triazine-based
pentadentate ligand
7.1 Introduction
The redox-controlled reversible reorganisation of molecular assemblies is an attractive
concept towards their application as molecular switches.” 2 Transition metal ions are
excellent candidates for molecular switches as external perturbation of their physical
environment can change the molecular geometry through changes in the electronic
requirements and properties of their metal complexes.3 The bistability, speed and
reversiblity of a molecular switch is highly dependant on the translational motion, the
coordination geometry of the metal ion and the ligand requirements.4 In this regard,
Cu(I)/Cu(II) complexes of polypyidine ligands have been of particular interest for
applications as molecular switches due to the differences in topological preferences
between CutI) and Cu(U) cations.5’ 6 Cu(I) complexes of rigid pentadentate ligands
such as 2,2’:6’,2”:6 “,2”:6”,2”-quinquepyridine (qnpy) have previously been
employed to assemble dinuclear or trinuclear, double-stranded helical-type structures





Figure 7.1 Synthesis of a mixed valence [CuL]23 complex based on qnpy.7
o
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C These complexes are highly sensitive in solution and rapidly oxidise to the mixed
valence form.7’8 The mixed valent and homovalent Cu(ll) complexes are stabilised as
both metal and ligand requirements are satisfied through pentadentate coordination of
the Cu(ll) cation. b date, CutI) complexes of rigid pentadentate polypyridine ligands
based on qnpy have flot been characterised in the solid state due to the instability of the
Cu(I) ion on crystallisation. In contrast, many crystal structures have been obtained
from multinuclear Cu(I) complexes of rigid polypyridine ligands in which there are
four or six of coordinating atoms within the ligand as both ligand and metal
preferences are satisfied by tetracoordinate complexation of the metal ions.6
Herein, the synthesis, solid state structure and electrochemical properties of a
{CuL1J? -type complex will be discussed where Li is a pentadentate, triazine-based
heterocyclic ligand. The electron deficient triazine ring can stabilise the CutI) ion
favouring tetrahedral geometry.
7.2 Resuits and discussion
7.2.1 Synthesis and solution studies
The synthesis of ligand Li was carried out by a triazine ring-forming reaction in which
two equivalents of 6-cyano-2,2’-bipyridine were reacted with p-bromobenzoamidinate.9
{CuLi]22 was synthesised by addition of Cu(MeCN)4(PF6) to a stirred solution of Li in
acetonitrile under inert conditions. After 15 minutes of stirring, the mixture was filtered
and precipitated as a brown solid on addition of diethyl ether. The precipitate was








Scheme 7.1 Synthesis of binuclear, helical complex [CuL1]22.
In contrast to CutI) qnpy-type complexes,7’8 the homovalent Cu(I) complex was stable in
the solid state and solution for weeks. The 1H NMR spectmm of [CuL1]? supported a
symmetric complex (Figure 7.2), and the presence of a binuclear Cu(I) complex with two
pentadentate Ïigands was confirmed by high res. ESMS.
Z_J
Figure 7.2 The ‘H NMR spectrum of [CuL1]22 in CD3CN at 400 MHz.
The initial evidence in solution suggested that the Cu(I) centres would be bound through
the peripheral 2,2’-bipyridine (bpy) motifs in a pseudo tetrahedral arrangement which
would retain symmetry leaving the triazine rings unbound (Figure 7.3). if the molecules




be one in which one ligand would shift relative to the other resulting in both phenyl rings
pointing to the outside of the helix and the triazine would behave as a rn-phenylene
unit.10’ 11 A model complex was generated based on the published crystal structure of a
dihelical CutI) complex incorporating bpy substituted biphenylene unit (Figure 73)’°’ 12
Figure 7.3 Space-fihing model of a calculated symmetric complex based on [CuL1]22.
7.2.2 Solid state structure
Brown crystals of {CuL1J22 were obtained on slow diffusion of diethyl ether into a
concentrated solution of the complex in acetonitrile. The dinuclear complex
crystallises in the monoclinic space group P21/c with both helical enantiomers in the
unit ceff. The solid state structure indicates the figands are in fact asymmetric, with
bpy-type coordination to one Cu(I) ion and triazine-pyridine coordination to the second
Cu(I) centre (Figure 7.4).
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In each ligand strand a pendant pyridyl ring is positioned with its N-pyridyl atoms
pointing towards the CutI) centres at distances of 2.69 Â and 2.51 Â. The remaining
Cu-N distances are 2.04-2.23 Â. As expected the Cu-N distances are longer to the
triazine rings than the pyridyl rings.
Variable temperature ‘H NMR studies were carried out in efforts to observe dynamic
processes in solution. Such discrepancies in the solid state and solution behaviour
were previously observed in helical Cu (I) complexes of 2,2’ :6’ :2’ ‘-terpyridine
derivatives but dynamic processes were flot observed in solution down to -80°C in
deuterated acetone.13 The ‘H signais of [CuL1]22 remained weil resolved at low
temperature within the limits of the deuterated solvents employed (CD3CN and
CD3NO2). In the soiid state structure of [CuL1J22, face-to-face it-stacldng
interactions are observed between the pendant phenyl ring on one ligand and the
pyridyl ring adjacent to the triazine on the second, (centroid-centroid distances of 3.59
Â and 3.62 Â). This interaction shouid be absent in solution for a static symmetric
model (Figure 7.3). One and two-dimensional NOE experiments indicated that these
protons are in fact in close proximity suggesting dynamic processes are occurring in
solution with a symmetric intermediate (Figure 7.5). Moreover, the electronic
figure 7.4 Solid state structure of [CuL1]22 as a space filling model. Ligands
differentiated (left).
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absorption spectrum in acetonitrile has an absorption band trailing out to 800 nm
ascribed to a Cu(I)-to-triazine ‘MLCT hand, whereas the Cu(I) ‘MLCT transition to




Electrochemical measurements were carried out in anhydrous acetonitrile using the
SCE versus ferrocene as an internai reference with 0.1 M TBAPF6. In the anodic
region, two initial ligand-based reversible reductions were observed at -0.92 V and
-
1.15 V. This was followed by an irreversible reduction of Cu(I) to Cu(0) which was
plating on the electrode at -1.70 V. In the cathodic region, an initial oxidation
conesponding to the formation of the mixed valence complex [CuLJ23 is observed at
0.24 V. This was studied at variable scan rates with each scan commencing at -100
mV (Figure 7.6). At 5 Vs’, the anodic/cathodic peak separation is 92 mv and this is
reduced to 62 mV at a scan rate of 25 mVs’. A second reversible oxidation is
observed at 0.72 V at 25 mVst, conesponding to the formation of the homovalent
binuclear [CuL1]24 complex. The reversible behaviour of [CuL1}22 at variable scan
rates supports the solid state evidence in that minimal rearrangement is required to
satisfy Cu(II) ion in a pseudo square pyramidal geometry. A positive shift is observed
for the initial oxidation (+0.24 V) compared to [Cu3L2J3 where L is a qnpy-type
Figure 7.5 A side view of the dynamic processes occuring in solution.
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Figure 7.6 Cyclic voltammogram in the cathodic region of [CuL1]22 at 3000 mVs1
and 25 mVs’.
7.2.4 Cu(II) promoted hydrolysis
Efforts to chemically oxidise [CuL1]? were unsuccessful employing NOBF4 as an
oxidising agent. Foïlowing the process by electronic spectroscopy indicated that there
was more than one product in solution due to the absence of an isobestic point.
However, NOBF4 is hygroscopic and traces of water can promote the hydrolysis of the
ligand as observed previously in Cu(fl) complexes of2,4,6-tris(2’-pyridyl)-1,3,5-
triazine.14 1f an acetonitrile solution of [CuL1]22 is left to crystallise over an extended
period of time, the complex oxidises to a Cu(ll) containing compound as indicated by the
green crystals that were observed. The solid state structure of the oxidised species was





figure 7.7 Solid state structure of [2 x 2] grid incorporating Li and and hydrolysed
ligand L2.
11e formation of a [2 x 2] grid proceeds via oxidation cf the homovalent Cu(I) complex
[CuLi]22 to [CuLi]24. The electrochemical evidence ïndicates that minimal
rearrangement is required on oxidation to stabilise the bornoyaient Cu(ll) complex,
suggesting that in the absence cf water a homovalent dihelical Cu(ll) complex is
obtained. In the presence cf water, the Cu(U) cemplex promotes hydrolysis cf ligand
Li. The lieux can then dissassemble and subsequently self assemble te form a grid with
four Cu(ll) cations, two unhydrolysed ligands Li (horizontally arranged) and two
hydrolysed ligands L2 (vertically arranged) (Figure 7.7). The Cu(fl) ions are in a pseudo
octahedral environment, with each Cu(ll) centre coordinating in a tridentate, bpy-triazine
mode te the unhydrolysed ligand and either bpy, N (amide) or bpy, C=O (amide) te the
hydrelysed ligand L2. The Cu-N/O bond distances in L2 are typical for tridentate
coordination with the shortest bond lengths observed te the central pyridyl ring (1.94-
1.97 À) due te the constrained bite angle on tridentate coordiantien. The Cu-O (amido)
bond distances (2.2 1-2.23 À) are longer than the Cu-N (amido) bond distances (2.05-
2.09 Â). The Cu-N triazine bond distances are elongated in the unhydrolysed ligand Li
(2.2 1-2.42 À), whilst the Cu(ll)-N bpy are significantly sherter (1.95-2.06 À to the
central pyridine and 2.10-2.26 Â te the peripheral pyridine).o
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The direct synthesis of the homovalent complex from Cu(ll) starting materials was
attempted with a number of Cu(ll) salis, ail of which afforded mixtures of hydrolysed
products due to traces of water in the starting saits. Large green, block crystals of the
fulÏy hydrolysed complex were isolated by slow diffusion of isopropylether into an
acetonitrile solution of the Cu(ll) complex.
The helical complex crystallised in the triclinic space group P-1 with the two helical
enantiomers in the unit ceil. Each Cu(II) ion is in pseudo trigonal bipyrimidal
geometry with each Cu(ll) ion coordinated to two bpy motifs from both ligands and the
N(amido) occupying the fifth coordination site. Elongated Cu-N (amido) distances
(2.70 À) are observed to the amido group on the second ligand. UnÏike the [2 x 2]
grid, the C=O (amido) groups are not involved in coordination and point to the exterior
of the helix. Short intra-molecular, face-to-face, it-stacking interactions are observed
between the pyridyl rings adjacent to the amido group on each ligand (centroid
centroid distances of 3.37 and 3.62 À).
The potential interconvesion of the Cu(I)/ Cu(ll) complexes discussed so far are
presented in Scheme 2. It is proposed that on formation of the Cu(IT) dihelical
structure the ligand becomes susceptible to nucleophilic attack. Hydrolysis of one
ligand renders the second ligand more labile. When one Cu(II) ion is fully bound and
figure 7.8 Dihelical structure of the fully hydrolysed complex [CuL2]2.
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the second partially bound to the hydrolysed ligand, a corner building block is created
for the formation of the [2 x 2] grid incorporating bot Li and L2. The unhydrolysed
ligand Li, eventually hydrolyses but a fully hydrolysed [2 x 2J grid has flot been
observed. The formation of the dihelical complex, [CuL2]2t is presumably sterically
favoured as significant distortion of L2 would be required in order to form a [2 x 2]
grid.
Cu(II) +L1 = Li (uniy&olysed)
= L2 (hydrose





Partially Hydrolysed FuIIy hydrolysed
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C 7.3 Conclusions
A CutI) dihelical complex is synthesised with Li and is found to be significantly more
stable to oxidation than the related complexes based on qnpy. The electron deficient
triazine ring stabilises the low oxidation state and offers flexibiÏity through dynamic
processes in solution. The complex can 5e electrochemically oxïdised to the
homovalent Cu(fl) dihelical complex. To date, it has flot been possible to chemically
synthesise this complex by either chemical oxidation of [CuL1J22 or directly from
Cu(II) saits. Traces of water result in nucleophillic attack of Li to form the hydrolysed
ligand L2. Partial hydrolysis results in the self assembly of [2 x 2] grids with two
hydrolysed and 2 unhydrolysed ligands. The unhydrolysed ligands in the grid are then
susceptible to nucleophilic attack and can rearrange to for the [CuL2]2 (Scheme 7.2).
7.4 Experimental
General Considerations
Electrochemical measurements were carried out in argon-purged acetonitrile at room
temperature with a BAS CV5OW multipurpose equipment interfaced to a PC. The
working electrode was a Pt electrode. The counter electrode was a Pt wire, and the
pseudo-reference electrode was a silver wire. The reference was set using an internal 1
mM fenocene/ferrocinium sample at 395 mV vs SCE in acetonitrile and 432 mV in
DMF. The concentration of the compounds was 1 mM. Tetrabutylammonium
hexafluorophosphate (TBAP) was used as supporting electrolyte and its concentration
was 0.10 M. Cyclic vohammograms were obtained at scan rates of 50, 100, 200, 500,
3000 and 5000 mV/s. For irreversible oxidation processes, the cathodic peak was used
as E, and the anodic peak was used for irreversible reduction processes. The criteria for
reversibility were the separation of approximately 60 mV between cathodic and anodic
peaks, the close to unity ratio of the intensities of the cathodic and anodic currents, and




Li: BuLi (1.6M in hexanes, 1.90 mL, 3.04 mmol) was added dropwise to a stirred
solution of HNMe2 (2M in THF, 1.52 mL, 3.04 mmol) in anhydrous Et20 (150 mL)
under an inert atmosphere. The mixture was stirred for 20 minutes until a white
suspension formed and p-bromobenzonitrïle (0.50 g, 2.76 mmol) was added to the
mixture. The solution was stirred for one hour at which time 6-cyano-2,2’-bipyridine
(1.00 g, 5.52 mmol) was added. 11e triazine precipitated immediately and the mixture
was stirred for a further five hours. The flask was opened to air and the mixture stirred
for 30 minutes. The precipitate was collected by filtration and the solid was
recrystallised from ethanol:water (100 mL). The precipitate was collected as a white
solid and washed with diethylether (50 mL) and dried to yield Li as a white solid (0.62
g, 41%).
‘H NMR (CDCI3, 400 MHz): 8.88-8.92 (m, 4H); 8.81 (d, J = 9 Hz, 2H); 8.74-8.76 (m,
4H); 8.16 (t , J = $ Hz, 2H); 7.98 (t, J = 8 Hz, 2H); 7.80 (d, J = $ Hz, 2H); 7.41-7.44
(m, 2H). 13C {‘H} NMR (CDC13, 100 MHz): 171.86, 171.27, 156.38, 155.29, 152.27,
148.84, 137.72, 136.65, 134.24, 131.72, 130.48, 127.81, 124.62, 123.85, 123.52,
121.31. Anal. Calcd. For C29H,8N7Br: C, 63.98; H, 3.33; N, 18.01. Found C, 63.64; H,
3.70; N, 17.70.
[Cu(Li)J22: Ligand Li (54 mg, 0.099 mmol) was added to a colourless solution of
[Cu(MeCN)4J[Pf6j (37 mg, 0.099 mmol) in deoxygenated acetonitrile (30 mL) under
N2. The colourless solution immediately turned brown, indicative of complex
formation. The mixture was stirred at room temperature for 30 minutes. Anhydrous
diethyl ether (100 mL) was added and the product precipitated. The precipitate was
collected and dried to afford [Cu(Li)12 as a brown solid (61 mg, 80% yield).
‘H NMR (400 MHz, CD3CN): 8.42 (d, 1= 9 Hz, 2H); 8.12-8.2 1 (m, 6H); 7.97 (d, J= 8
Hz, 2H); 7.90 (d, J = 8 Hz, 2H); 7.71 (td, J = 2Hz, $ Hz, 2H); 7.66 (d, J = 5 Hz, 2H);
7.08 (dd, J = 5Hz, 1 Hz, 2H). ‘3C NMR (100 MHz, CD3CN): 122.10, 125.00, 125.05,
125.96, 128.27, 130.49, 132.13, 132.91, 137.29, 138.77, 147.42, 148.51, 150.62,
151.79, 169.44, 170.10. High Res ES-MS: [M-PF6]: Calcd, 1356.9842. Found,
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1356.98439. Anal. Caic. for C58H36Br2CuN14(PF6)2.½(H20): C, 45.71; H, 2.51; N,
12.87 Found C, 45.66; H, 2.70; N, 13.02.
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C Chapter VIII: Conclusions and Future Perspectives
There are many coordination complexes in the literature incorporating the 2,4,6-tris(2’-
pyridyl)-1,3,5-triazine (2-tpt) ligand in a variety of coordination modes. Despite
interesting structural, magnetic and photophysical properties, difficulties in
functionalising this ligand limit optimisation of the properties associated with its
complexes. In order to overcome these limitations, tridentate ligands based on the 2,4-
di-(2’-pyridyl)-l,3,5-triazine core were developed with appended phenyl groups.”2
The core objective of this thesis was to explore the varying properties of the
functionalised triazine ligands and their coordination complexes. The subjects covered
within this thesis are considerably varied but the synthetic procedure employed to
obtain the triazine ligands is central to every chapter.
This chapter will serve as a summary for the important points discussed in







































































Chapter II describes the approaches previously taken to try and improve the
photophysical properties of Ru(II) complexes of tridentate, tpy-based ligands. In part
B, the synthesis and characterisation of the Ru(TI) complex of the 2,4-di(2’-pyridyl)-6-
(p-bromo-phenyl)- 1,3 ,5-triazine (Br-dpt) ligand is reported.3 ‘Chemistry-on-the
complex’ methodology is utilised in the synthesis of multichromophoric complexes
incorporating secondary aromatic components. Interaction between the 3MLCT state
of the complex and the triplet state of the organic chromophore may be tuned through
functionalisation. Introduction of a bromo-substitutent onto the anthracene
chromophore lowers the energy of its triplet state, decreasing the energy difference
between its triplet state and the 3MLCT state of the complex. Subsequent mixing of
the anthracene and 3MLCT excited states prolongs the excited state lifetime to 54 ns
from 13 ns at r.t. The heavy atom effect from the bromine in complex 2e may
comprimise the advantage of a multichromophoric effect by promoting access to the
non-emissive anthracene triplet state. However, further modification of the anthracene
unit by incorporating acetylene or cyano electron-withdrawing groups by a ‘chemistry











Poly-aromatics such as naphthyl-, phenanthryl- and pyrenyl- have been
appended to the 2,4-di-(2’.-pyridyl)-l,3,5-triazine core (chapter III). The triazine
ligands are emissive at room temperature in aerated solutions through ILCT emitting
states (Figure 8.2). In contrast, the tpy-based ligands with appended polyaromatics are
emissive through ligand-centred (LC) it- ir states.5 The Zn(ll) complexes of the
triazine ligands are emissive through JLCT states which are red-shifted compared to
the ligands alone due to the enhanced electron-accepting capabilities of the triazine
core upon metal-ion complexation. The ILCT excited states of the Ru(II) complexes






figure 8.2 JLCT emission in naphthyl-based triazine ligands in contrast to the it
LC emission in tpy-based complexes.6
Studies of Rh(llI) complexes as potential sensitizers for light-harvesting
applications are rare, primarily because they absorb mainly in the UV region and littie
in the visible.7 Ru(II) complexes of triazine ligands absorb and emit at significantly
lower energy than their tpy-based counter-parts,2 and it was considered that the same
low energy shift may be observed in Rh(III) complexes of triazine ligands. This could
potentially pull the absorption energy into the visible region. The absorption energy of
Rh(III) complexes of triazine-based ligands do in fact lie at lower energy than their
tpy-analogues, with lower energy bands trailing into the visible region. The emission
from Rh(Ill) complexes incorporating Br-dpt is dependant on the orthogonal ligand in
heteroleptic complexes (Chapter W). Excitation of heteroleptic complexes
incorporating Br-tpt and an electron-poor, second orthogonal ligand gives rise to ligand
(j centred excïted states (LC t- it emissions). Excitation of a complex in which a
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(E cyciometaiiatïng ligand is introduced orthogonal to Br-dpt resuits in an excited state
with significant charge transfer character. However, ail of the complexes are very
weakly emissive with properties inferior to those reported for polypyridine complexes
of fr(III).8 The synthesis of fr(III) complexes incorporating the same ligand family
may prove more effective in the quest for complexes with prolonged excited states
(Figure 8.3).
(PF6)3 (PF5)3
The p-bromo-phenyl motif provides a method to gain directional control of
cations in the solid state, as discussed in chapter V.9 One-dimensional tapes form upon
crystallisation of Fe(II), Co(II), Cu(II), Ru(II) and Rh(III) complexes incorporating Br
dpt. In Chapter VI, it was confirmed that the stabilising halogen-halogen interactions
are flot specific to this ligand and are observed in variations of the triazine ligand as
well as in equivalent tpy-based systems. Removal of the Br-atom, as observed in
complexes of the p-toluyl substituted triazine ligand, eliminates the one-dimensional
arrangement. The formation of the polymeric arrangement of complexes incorporating
Br-dpt is dependant on both the cation and solvent of crystallisation. Further solid
state studies could be undertaken to gain an insight into how this aggregation could
influence the solid state properties.
Br Br (PF5)2
Figure 8.3 fr(III) complexes of Br-dpt, analogous to the Rh(III) complexes
synthesised in chapter W.
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fE Aside from the Fe(ll) complexes, the first row metal-complexes of Br-dpt
examined in this work were paramagnetic in solution as determined by 1H NMR. In
solution, a broadening of ‘H signais closest to the metal-centre in the Fe(II) complex
was observed indicating paramagnetic contributions to the largely diamagnetic ground
state.’0 The solid state analysis indicated that the spin cross-over process was very
gradual over the temperature range 4- 300 K and that the counter-ion had little effect
on the magnetic properties when comparisons were made between PF6 and C104 salts.
In order to apply such systems to the area of molecular switches, sharper spin cross
over behaviour is required. This may be achieved electronically or sterically. A
sterically demanding ligand (L4) was developed with methyl substitution adjacent to
the coordinating N atom. An elongation of the Fe-N distances force the Fe(ll) cation
into a high spin configuration, giving a complex with properties intermediate of
[Fe(L2)2j2 and [Fe(L4)2J2 which may be ideal for applications as molecular switches.
Substituting further from the site of coordination may also resuit in favourable spin
cross-over behaviour. Alternatively, asymmetry in the 2,4-di-(2’ -pyridyl)- 1,3,5-
triazine core may improve the spin cross-over behaviour (figure 8.4, ligand E).
However, a synthetic approach wouid need to be deveioped in order to obtain such
asymmetric ligands as the current method may onÏy be applied to symmetric ligands.
Et Et Er
N N N N R N- N R N N
% RR R°
Figure 8.4 Triazine ligands with potentially improved spin cross-over properties.
The ‘H signais of the Fe(II) complex ofp-bromophenyl-2,2’ :6’ :2’ ‘-terpyridine (Br-tpy)
complexes were weil resolved, indicating that the complex is low spin at room
temperature. The solid state analyses indicated that the magnetic moment was highly
dependant on the anion, with significantly greater paramagnetic contribution as the
Pf6 salt compared to the C104 sait. Cation-dependent magnetic moments were
C
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previously observed in Fe(ll) complexes of pyrazoyl-based tridentate ligands.”
Fe(tpy)22 and its related complexes substituted on the 4’-position have aiways been
considered diamagnetic and low spin at room temperature.12’ 13 Further solution and
solid state studies are required to determine whether or flot this effect is exclusive to





Solid state: PF6 2.48 B.M. (300 K)
C104 2.40 B. M. (300 K)
Figure 8.5 Summary of the magnetic properties of la and lb, chapter VI.
Chapters II-VI discuss the properties of complexes synthesised with tridentate
triazine-based ligands. In chapter VII, the synthesis of a potentially pentadentate
coordinating ligand is discussed. However, the triazine-based ligand has potentially
variable coordination modes, as outlined in Figure 8.6.
G
Solution behavior: Diamagnetic
Solid state: PF6 2.48 B.M. (300 K)
Cl04 2.40 B. M. (300 K)
= Fe(ll)
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Complexation of the bis-(bipyridyl)-triazine (bppt) ligand with Cu(I) resuits in the
formation of a dihelical, binuclear complex [CuL]?. The ‘H NMR indicated that the
complex was bound in a symmetric fashion, suggesting that each Cu(I) ion coordinates
to both ligands through bpy-type coordination (bidentate mode F, Figure 8.6).
However, in the solid state, both bidentate coordination modes E and F were observed
for each ligand in an asymmetric conformation. NOE experiments carried out in
solution provided evidence of dynamic processes in which the solid state structure is












Cu(I) is considered a relatively unstable cation and can readily undergo
oxidation to Cu(ll) as observed with the synthesis of Cu(I) complexes of qnpy.’4 The
presence of an electron deficient triazine ring in the complex [CuLJ22 stabilises the
electron rich Cu(I) cation enabling characterisation in solution and in the solid state.
The dihelical complex undergoes two reversible oxidations to the Cu(ll) homovalent
complex. The reversibility suggests that these processes involve minimal
reorganisation, so the ligand arrangement stays intact. However, chemical synthesis of
the complex was flot possible starting with a Cu(II) sait, as hydrolysis of the ligand is
promoted in the presence of water. Partial hydrolysis yielded a [2 x 2] grid which then
rearranges on full hydrolysis to form a binuclear, dihelical structure. Isolation of the
ligand L2 would offer a variety of coordination modes through N,N-bpy, N-amido and
C=O-amido sites. Consequently, the application of this ligand offers huge scope to




Figure 8.8 Cu(II) promoted hydrolysis of Li to L2
Figure 8.7 Dynamic processes in acetonitrile solutions of [CuLJ22.
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C
In summary, this thesis describes the synthesis and characterisation of a range of
tridentate and pentadentate triazine-based ligands. The triazine ligand-forming
reaction employed is both versatile and flexible. Changing the coordinated metal-ion
provides a method to introduce gross changes in the properties of the complexes
studied and determines the magnetic, photophysical or redox properties. Varying the
triazine ligand bas provided a means to fine-tune the magnetic, photophysical and
redox properties of interest.
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IAppendix
Appendix 1: CCDC N°’s for chapters II, III-part A, V and VI.
The crystallographic reports and cif files of the structures listed below are available
from the Cambridge Crystallographic Data Centre (CCDC) and may be downloaded
electronically from the internet site: www.ccdc.cam.ac.ukldata reguest/cif.
























Chapter II, Part B
Cliapter III, Part A
Cliapter V
L2 {C33 H20 BrN5}
2a { C38H29BrF,,N,0P2Ru}
2b { C70 H57 B F6 N,,P Ru)
3a { C38 H74 Br2 F,2 N,0 P, Ru)
2a {C58 H40 B, F8 N,, Ru)
3a {C66 H4, F,2 N,0 P2 Ru)
Li { C,9 H,6 Br N5 0,}
la { C38 H24 Br7 F,2 Fe N,0 P2)
ic {C40 H,7 Br2 F12 N,, Ni P2)
ld {C40 H27 Br2 Cu F,2 N,, P2)
ld’ { C, H36 Br2 Cu F,2 N,0 02 P2)
2a { C40 H30 F,2 Fe N,0 P2}
2b { C H30 Co F,2 N,0 P,)
2c { C H30 F,2 N,0 Ni P2)
2d { C40 H30 Cu F,2 N,0 P2)
[Fe(la)21(PF6), { C6 H34 Br, F,2 Fe N8 P,)
[Fe(lb),J(C104)7 { C H33 Br, Cl, Fe N,3 08)
[Fe(lc)21(PF6)(C104) { C2 H32 Br2 Cl F6 Fe N,8 04 P)




Appendix 2: Bromine and methyl contacts in Chapter V, part B.
la ic ld ld’
Bond distances (À)
Br-Br 3.45 5.99 6.00 3.33
Bri contacts 3.90 (C) 3.81 (C23) 3.95 (C32) 3.87 (C)
3.93 (D) 3.50 (C, MeCN) 3.43 (C, MeCN) 3.94 (D)
3.66 (Cl) 3.15 (F, PF6) 3.07 (F, PF6) 3.82 (C13)
3.71 (C 12) 3.71 (C2) 3.59 (0, acetone)
Br2 contacts 3.99 (C) 3.94 (F)
3.88 (C15) 3.86 (C19)
3.34 (F, PF6) 3.34 (F, PF6)
3.67 (C22) 3.50 (C21)
Table 1. Short Br contacts observed in complexes la-d (centroid distances indicated


















la lb ic ld
Bond distances (Â)
Me-Me 6.22 5.52 5.49 5.64
Mel contacts 3.59 (C30) 3.27 (F, PF6) 3.27 (F, PF6) 3.31 (F, PF6)
3.82 (N10) 3.85 (C) 3.87 (C) 3.90 (C)
3.59 (C30)
Me2 contacts 3.68 (C 19)
Table 2. Short Me contacts observed in complexes la-d (centroid distances indicated
by letter, edge contacts indïcated by atom number and atom contacts indicated by
name).
Cil C12
C18 C1g C35 C36
C39 G38
32 C31
wQ Appendix 3: Supplementary information for chapter II, part B.



















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (all data)
Absolute structure parameter
Largest dif f. peak and hole






a = 10.8718 (3) Â
b = 15.0504 (4) Â










3599 [Rint = 0.0441
Semi-empirical f rom equivalents
0.8600 and 0.8600
Full-matrix least-squares on F2
3599 / 0 / 352
1 . 004
R1 = 0.0392, wR2 = 0.0963
R1 = 0.0460, wR2 = 0.1008
-0.052 (19)























C (8) -c (9)
Cf9)-C(10)











C (20) -C (21)
C(21)-C(22)
Cf21)-C(26)


















C(3) -C(2) -C (1)
C(2) -C(3) -C(4)
C(3) -C(4) -Cf5)































































N(2) -CCC) -C (5)
N(4) -C(7) -N(5)
N(4) -C(7) -C(14)













C (19) -C(14) -C (7)
C (16) -C(15) -C(14)
C(15) -C(16) -C(17)
Cf18) -Cf17) -C(16)
C (18) -C (17) -C (20)
C(16) -C(17) -C(20)











C (24) -C(25) -C(26)
C(27) -C(26) -C(25)
C(27) -C(26) -C(21)
C (25) -C (26) -C (21)
C (26) -C (27) -c (28)




C (29) -C (28) -C (33)
C (30) -C (29) -C (28)
C(29) -C(30) -C (31)
C(32) -C(31) -C(30)














































































Max. and min. transmission
Refinement metliod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (ah data)
Largest diff. peak and hole






a = 9.2785(2) Â
b = 12.6372 (3) .










16008 [Rjnt = 0.036)
Semi-empirical f rom equivalents
0.7500 and 0.4300
Fuli-matrix least-sguares on F2
16008 / 135 / 1209
0.914
R1 = 0.0522, wR2 = 0.0637
R1 = 0.1060, wR2 = 0.0702

































C (7) -C (14)













































































































































































































P(2)-F(25) 1.553(3) Cf25)-N(7)-Ru; 119.3(4)
P(2)-Ff24) 1.558(3) C(29)-Nf7)-RU1 118.9(4)
P (2) -F (21) 1. 561 (3) C (34) -N(8) -Cf30) 118.5 (5)
P(2)-F(22) 1.575(3) Cf34)-N(8)-RU1 127.6(4)
P (2) -Ff26) 1.577 (4) C(30) -N(8) -FUi 113.8 (4)
Pf2)-F(23) 1.585(3) N(1)-C(i)-C(2) 122.7(5)
P (3) -Ff35) 1.587 f3) Cf3) -C(2) -Cfl) 119.6 (5)
Pf3) -Ff33) 1.589 f3) C(2) -Cf3) -Cf4) 118.6 (5)
p (3) -F f34) 1.594 (3) Cf5) -c (4) -Cf3) 119.1 (5)
P(3)-Ff32) 1.596(3) Nfl)-Cf5)-c(4) 122.0(5)
Pf3) -Ff36) 1. 601 f3) Nfl) -Cf5) -C(6) 114.8 f4)
P (3) -Ff31) 1.604 f3) Cf4) -Cf5) -Cf6) 123.1 f5)
Pf4)-Ff44) 1.43(11) N(4)-C(6)-N(2) 123.8(5)
Pf4)-Ff45) 1.54(13) Nf4)-C(6)-Cf5) 124.3(5)
Pf4)-Ff43) 1.57(13) N(2)-C(6)-C(5) 111.8(4)
P (4) -Ff46) 1.59 f13) Nf5)
-c (7) -Nf4) 125.2 (5)
P (4) -F f41) 1.63 (12) N(5) -c f7) -c f14) 118.0 f5)
Pf4) -Ff42) 1.70(11) Nf4) -C(7) -Cf14) 116.7 f5)
P (5) -Ff51) 1.45 (11) Nf5) -Cf8) -Nf2) 123.0 f5)
Pf5) -Ff55) 1 .53 f11) NfS)
-Cf8) -Cf9) 123.9 f5)
P(5)-Ff54) 1.54(12) N(2)-Cf8)-Cf9) 113.0(5)
Pf5) -Ff53) 1.58(11) N(3) -C(9) -C(10) 121.7 f5)
Pf5)-Ff52) 1.62(12) Nf3)-C(9)-c(8) 113.9(5)
P (5) -Ff56) 1.71 (11) C(10) -Cf9) -Cf8) 124.4 (5)
Nf71) -Cf72) 1.064 (9) C(11) -Cflo) -Cf9) 120.0 f5)
Cf72)-C(73) 1.443(8) CflO)-Cf11)-c(12) 118.9(5)
N (81) -C (82) 1.080 f15) C(11) -C (12) -C f13) 119.0 f5)
Cf82)-Cf83) 1.466(11) Nf3)-C(13)-Cf12) 123.0(5)
N(91)-C(92) 1.108(7) Cf19)-C(14)-Cfls) 117.6(5)
Cf92)-Cf93) 1.470(7) C(19)-Cf14)-Cf7) 121.1(5)
CflOl)-Cf1o2) 1.443 Cf15)-Cf14)-C(7) 121.1(5)
C(102)-Nflo3) 1.1405 Cf16)-C(15)-Cf14) 121.0(5)
Nf2) -RU1-Nf7) 177.00 (17) C(17) -Cf16) -Cf15) 120.0 f5)
Nf2)-RU1-Nf6) 104.44(15) Cf16)-Cf17)-cf18) 120.9(5)
Nf7)-RU1-Nf6) 78.48(17) C(16)-Cf17)-BR1 118.7f4)
Nf2)-RU1-Nf8) 98.18(16) Cf18)-Cf17)-BR1 120.4(4)
Nf7) -FUi-N f8) 78.92 f17) C(17) -C (18) -C f19) 118.8 f5)
Nf6) -FUi-N f8) 157.34 f16) C f18) -C (19) -C(14) 121.6 (5)
N(2) -RU1-N(;) 78.16 f15) Nf6) -Cf20) -C(21) 122.9 f5)
Nf7) -RU1-Nfl) 102.60 (15) Cf22) -Cf21) -C(20) 118.8 f6)
Nf6) -RU1-N(1) 91.06(15) Cf21) -C(22) -Cf23) 119.0(6)
Nf8)-RU1-N(1) 92.39(15) C(24)-Cf23)-Cf22) 119.7(5)
Nf2)-RU1-Nf3) 77.68(15) Nf6)-Cf24)-Cf23) 121.5(5)
N(7)-RU1-N(3) 101.70(15) N(6)-Cf24)-Cf25) 114.7(5)
Nf6)-RU1-Nf3) 91.69(15) Cf23)-Cf24)-C(25) 123.8(5)
Nf8) -RU1-Nf3) 94.33 f14) Nf7) -C f25) -C f26) 120.0 f5)
Nfl) -RU1-Nf3) 155.60 (15) Nf7) -Cf25) -C(24) 113.0 f5)
Cfl) -N(1) -Cf5) 118.0 (4) Cf26) -Cf25) -Cf24) 127.0 f5)
C(1)-Nfl) -FUi 128.4 f4) C(27) -C (26)-C f25) 118.3 f5)
CfS) -Nfl) -FUi 113.5 (3) Cf28) -C (27) -C (26) 120.7 (5)
Cf6) -N(2)
-Cf8) 117.6 f4) Cf27) -C(28) -Cf29) 119.7 f6)
Cf6)-Nf2)
-FUi 121.2 (3) N(7)-C(29)
-C(28) 119.4 (5)
Cf8)-N(2)-RU1 121.0(3) Nf7)-Cf29)-Cf30) 113.1f5)
C(13) -Nf3) -C f9) 117.5 f4) C(28) -C f29) -C f30) 127.5 f6)
Cf13)
-Nf3) -FUi 128.3 f4) Nf8) -Cf30) -Cf31) 121.1 f5)
C (9) -Nf3) -FUi 114.2 f3) N(8) -C (30) -C f29) 115.2 f5)
Cf6) -N(4) -Cf7) 115.1 (4) Cf31) -C (30) -C (29) 123 .6 (5)
Cf8) -Nf5) -Cf7) 115.2 f4) Cf32) -C(31) -Cf30) 118.5 f6)
Cf20) -Nf6) -C(24) 118.1(5) Cf31) -Cf32) -C(33) 121.2 (6)
Cf20) -N(6) -FUi 127.3 f4) Cf32) -C(33) -Cf34) 117.7 f6)
C(24)-Nf6)-RU1 114.5(4) Nf8)-C(34)-C(33) 122.9(5)





















C (42) -N(i0) -RU2
C(40)-N(10) -RU2
C (47) -N(11) -C (43)
Cf47)-N(1i) -RU2
Cf43)-N(11) -RU2
C(40) -N (12) -C(41)
C(42) -N(13) -C (41)
C(54) -Nf14) -C(58)
C (54) -N (14) -RU2
C(58)-N(14) -RU2
C(63) -N (15) -C(59)
C(63)-N(15) -RU2
C(59) -Nf15) -RU2
C(68) -N (16) -C (64)
C(68)-N(16) -RU2







Nf9) -C (39) -C (40)
C (38) -C (39) -C (40)
N(12)
-C(40) -N(i0)
N (12) -C (40) -C (39)
N (10) -C (40) -C (39)
N(13) -C(41) -N (12)
N(13) -C(41) -C (48)
N(12) -C(41) -C (48)
N(13) -C(42) -N (10)
N (13) -C(42) -C(43)
N(iO) -Cf42) -Cf43)
C (44) -C(43) -N(i1)
C (44) -C (43) -C(42)
Nf11)
-C(43) -C(42)
C(43) -C(44) -C (45)
C (46) -C (45) -C (44)
C (45) -C (46) -C (47)
Nfli) -C (47) -C (46)
C(53) -C(48) -C(49)
C(53) -C (48) -C(41)
C(49) -C(48) -C(41)
C(48) -Cf49) -CfSO)































































C(50) -C (51) -C(52)
C (50) -C(51) -BR2
C(52) -C (51) -BR2
C (53) -C (52) -C (51)
C(48) -C(53) -C(52)
N (14) -C(54) -C(55)
C(54) -C(55) -C(56)
C (57) -C(56) -C (55)
C (56) -C (57) -C (58)
N(14) -C(58) -C(57)
N(14) -C(58) -C(59)
C (57) -Cf58) -C(59)
Nf15) -C(59) -C(60)
N(15) -C(59) -C(58)
C(60) -C (59) -C (58)
C (61) -C (60) -C (59)
C(60) -C (61) -C(62)
C (61) -C(62) -C(63)
Nf15) -C(63) -C(62)
N(15) -C(63) -C(64)
C (62) -C (63) -C(64)




C(67) -C (66) -C(65)
C (66) -C (67) -C (68)








F (12) -Pfl) -Ff11)
F (16) -P fi) -Ff11)
F (14) -Pfi) -Ff11)
F (15) -P (1) -Ff11)






Ff25) -P (2) -F f21)
Ff24) -P (2) -Ff21)
Ff25)-Pf2) -Ff22)
Ff24) -P f2) -Ff22)
Ff21) -P (2) -F f22)
Ff25) -Pf2)-F(26)
F f24) -Pf2) -Ff26)
Ff21) -P f2) -F f26)
Ff22) -Pf2)-Ff26)
Ff25)-P(2) -Ff23)
Ff24) -P f2) -Ff23)
Ff21) -P(2) -F (23)
Ff22) -P (2) -Ff23)
Ff26)-Pf2) -Ff23)
F f35) -P (3) -Ff33)



































































XF(33) -p(3) -Ff32) 89. 87(17) Ff43) -Pf4) -Ff42) 86 (6)
F (34) -P (3) -Ff32) 179.7 f2) Ff46) -P (4) -Ff42) 86 f6)
Ff35) -P(3) -Ff36) 89.96 f17) Ff41) -Pf4) -Ff42) 83 (5)
Ff33) -P (3) -Ff36) 90.07 f18) Ff51)-? (5) -Ff55) 93 f6)
Ff34)—P(3)
-Ff36) 90.47 (17) Ff51) -Pf5) -Ff54) 97 f6)
F(32) -p(3) -Ff36) 89 .23 (17) Ff55) -P(5) -F(54) 93 (6)
F(35) -P (3) -Ff31) 90.43 f18) F(51) -P (5) -Ff53) 93 f6)
Ff33) -Pf3) -F(31) 89.53 (17) Ff55) -Pf5) -Ff53) 170 (8)
Ff34) -Pf3) -F f31) 89.37 f17) Ff54)-? f5) -F f53) 92 f6)
Ff32) -P(3) -Ff31) 90.94 f17) Ff51) -P(5) -F f52) 92 (7)
Ff36) -P(3) -Ff31) 179.6 f2) F (55) -P(5) -Ff52) 88 f6)
Ff44) -P (4) -F f45) 95 f7) Ff54) -P (5) -Ff52) 171 f8)
F(44)-Pf4)-Ff43) 93f7) Ff53)-Pf5)-F(52) 85f6)
Ff45) -Pf4) -Ff43) 170 (8) Ff51)
-Pfs) -Ff56) 175 f9)
Ff44) -P (4) -F f46) 98 f7) Ff55)-? f5) -Ff56) 89 f5)
F (45) -Pf4)
-Ff46) 92 f6) Ff54) -P (5) -Ff56) 87 (6)
Ff43)
-P(4) -Ff46) 91 (7) Ff53) -P(5) -Ff56) 84 f5)
Ff44)-? f4) -Ff41) 93 f7) Ff52) -P (5) -Ff56) 84 f5)
Ff45)-Pf4)-Ff41) 90(7) Nf71) -Cf72)-Cf73) 178.20(14)
Ff43) -?(4) -Ff41) 84 f5) NfSl) -C(82) -Cf83) 176.40 f17)
Ff46) -P f4) -F f41) 168 f8) Nf91) -c f92) -C f93) 179.3 f9)

























P1ax. and min. transmission
Rat inement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (ah data)
Largest diff. peak and liole






a = 27.1833 (7) A
b = 9.0685 (3) A
c = 26.3648 (7) Â










Semi-empirical f rom equivalents
0.9000 and 0.7100
Fuli-matrix least-squares on F2
7651 / 45 / 843
1.016
R1 = 0.0483, wR2 = 0.0635
R1 = 0.0946, wR2 = 0.0692





o Table 2. Bond lengtlis [Â] and angles [0] for 25, Chapter II, Part B.
Ru
- N f2)
Ru - N f7)
Ru-N f8)
Ru-N(3)
























C f8) -C (9)
cf9) -C(l0)








C (17) -c (20)
















C f35) -C (36)








































































































































































































N(1) -C (1) -C (2)
C(3) -C(2) -C(1)
Cf2) -C(3) -Cf4)
C(5) -C (4) -C(3)
N(1) -C(5) -C(4)
Nfl) -C(5) -C(6)
C(4) -C (5) -Cf6)
N(4) -C(6) -N(2)
Nf4) -C(6) -C(5)






N(5) -C (8) -C(9)
Nf2) -C (8) -C(9)
N (3) -C (9) -C (10)
N(3) -C (9) -C (8)
C (10) -Cf9) -C(8)
C(11)-C(10) -C(9)
C(12) -C fil) -C(i0)
C (13)
-C(12) -C (11)




C (19) -C(14) -C(7)
Cf14) -Cf15) -Cf16)
C (15) -C (16) -C (17)
C (18) -C(17) -C (16)
C (18) -C (17) -C (20)
C (16) -C (17) -C (20)
C(19) -C(18) -C(17)
C(18) -C (19) -C(14)
C (21) -C(20) -C(25)
C (21) -C (20) -C(17)
C (25) -C(20) -C (17)
C(20) -C(21) -C (22)
C(23) -C(22) -C(21)








































































C (29) -C (30) -C (31)
N(7) -C(31) -C(32)
N(7) -C(31) -C (30)
C (32) -C (31) -C (30)
C (33) -C (32) -C(31)
C(32) -C(33) -C (34)
C (33) -C (34) -C(35)
N(7) -C(35) -C (34)
N(7)-C(35)-C(36)
C (34) -C (35) -C(36)
C(37) -C(36) -N (8)
C (37) -C (36) -C (35)
N(8)
-Cf36)-C(35)
C (38) —C (37) -C (36)
C (37) -C(38) -C(39)



















C f41) -3-C (71)
C (61) -3-C f71)
C (41) -B-C(51)
C f61) -3-Cf51)
C (71) -3-C f51)
C (42) -C (41) -C (46)
C(42) -C (41)-3
C (46) -Cf41)-B
C f43) -C f42) -C(41)
C(44) -C(43) -C f42)
C (43) -C f44) -C (45)
C (44) -C(45) -C f46)
C (45) -C(46) -C (41)
C f56) -C f51) -C (52)
C f56) -C (51) -3
Cf52)-Cf51)-3
C (51) -C(52) -C f53)
C f54) -C f53) -C (52)
C f55) -C(54) -C f53)
C (54) -C(55) -C f56)





































































C(74) -C(75) -C(76) 119.1(6)
C(71)-C(76)-cf75) 123.9(5)
Nf83)-C(82)-C(81) 178.4(7)
N(93) -C(92) -C(91) 169 (3)













































Max. and min. transmission
Refinement method
Data / restreints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest dif f. peak and hole





s = 14.0743 (7) Â
b = 16.9533 (8) Â










4841 [Rint = 0.035]
Semi-empirical f rom equivalents
0.7400 and 0.3800
Full-matrix least-squares on FA2
4841 / o / 294
1.089
R1 = 0.0727, wR2 = 0.2274
R1 = 0.0794, wR2 = 0.2346
1.964 and -2.585 e/Â3
Table 1. Crystal data and structure refinement for 3a, Chapter II,














Table 2. Bond lengtlis [Â] and angles [0] for 3a, Chapter II, Part B
WITH SQUEEZE.
Ru




















































































































C(8) -N (2) -RU
C(6) -N(2) -RU
C(13) -N(3) -C (9)
C(13) -N (3) -RU
C(9) -N(3)-RU
C(6) -N (4) -C(7)
C(8) -N(5) -C (7)
N(1) -C(1) -C (2)
C(3) -C(2) -C(1)
C(4) -C (3) -C (2)
C(S) -C (4) -C(3)
C(4) -C(5) -Nfl)
Cf4) -C(5) -C(6)
N (1) -c (5) -c (6)





N(5) -C(7) -C (14)
Nf5) -C(8) -N(2)
N(5) -C (8) -C(9)
N(2) -C (8) -C (9)
N(3) -C (9) -C(10)
N(3) -C(9) -C(8)
C (10) -C (9) -C (8)
C (9) -C (10) -C (11)
C (12) -C fil) -C(i0)
C(1i) -C(12) -C(13)
N(3)-Cf13)-C(12)




C(14) -C (15) -C (16)
C (17) -C (16) -C (15)
C(16) -C(17) -C (18)
C(16)-Cf17)-BR
C(18) -C(17) -BR
C (17) -C (18) -C (19)




F (2) -P-F (4)

































































F(5)-P-F(3) 178.7(3) F(6)-P-F(3) 90.1(3)Q Ffl)-P-F(3) 89.4(3)F(4)-P-F(3) 87.2(3)
XVIII



















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices fI>2sigma(I)J
R indices (ail data)
Absolute structure parameter
Largest diff. peak and hole
refinement for 2a, Chapter III, Part A.






a = 26.1672(4) A











9034 [Rint = 0.062]
Semi-empirical f rom equivalents
0.8700 and 0.5500
Full-matrix least-squares on F2
9034 / 1 / 732
0.942
R1 = 0.0537, wR2 = 0.1163
R1 = 0.0745, wR2 =. 0.1235
0.013(11)
0.859 and -0.573 e/A3



















































C (18) -C (19)




C (22) -C (27)
C (23) -C (24)
C(24) -C(25)
C (25) -C (26)
C (26) -C(27)
C (28) -C (29)






































































C (42) -C (43)
C (43) -C (44)
C(43)-C (48)
C (44) -C (45)











































C (13) -N (3) -C (9)
C (13) -Nf3)-RU1






























































C (6) -N(4) -c (7) 116.0 (5) Cf30) -c (29) -C (28) 119.2 (5)
Cf8) -N(5) -c (7) 116.6 (5) C (31)-c (30)-c (29) 120.0 (6)
Cf28) -N(6) -C(32) 117.7 (5) Cf30) -C(31) -Cf32) 118.0 (6)
Cf28)-N(6)-RU1 128.7(4) Nf6)-C(32)-C(31) 122.1(5)
C(32)-Nf6)—Rul 113.6(4) N(6)-c(32)-cf33) 115.9(5)
Cf33) -x(7) -c(35) 118.0 (5) C(31) -c(32) -c(33) 121.9 (5)
C(33)-Nf7)-Ru1 121.4(4) Nf9)-c(33)-N(7) 123.7(5)
C(35)-N(7)-Ru1 120.6(4) Nf9)-C(33)-C(32) 124.9(5)
Cf40) -N(8) -C(36) 118.2 (5) N(7) -Cf33) -Cf32) 111.4 f5)
C(40)-N(8)-RU1 128.2(4) N(10)-Cf34)-N(9) 124.2(5)
C(36) -N(8) -RU1 113.5 (4) Nf10) -C(34) -C(41) 116.5 (5)
C (33) -Nf9) -C(34) 115.0 (5) N(9) -C (34) -C (41) 118.9 (6)
C(35) -Nf10) -Cf34) 115.3 (5) N(10) -C(35) -N(7) 123.6 f5)
Nfl) -Cfl) -C(2) 123 .5 (6) Nflo) -C(35) -C (36) 124.4 (5)
C(3) -Cf2) -C(1) 119.0 (6) Nf7) -C(35) -C(36) 112.0 (5)
C(2) -C(3) -C(4) 119.1 (5) C(37) -C(36) -N(8) 120.6 (6)
C(5) -C(4) -Cf3) 118.5 (6) Cf37) -C(36) -C(35) 123.9 (5)
N(1) -C (5) -C(4) 122.3 (6) N(8) -C(36) -C(35) 115.4 (5)
Nfl) -Cf5) -C(6) 115.1 (4) C(38) -C(37) -C(36) 120.4 f6)
Cf4) —C (5) -C(6) 122.6 (5) C (39) -C (38) -C (37) 118.7 (6)
N(4) -C(6) -N(2) 123 .1 (5) Cf38) -C (39) -C (40) 119.8 (6)
Nf4)
-C (6) -C (5) 125.1 (5) N(8) -Cf40) -Cf39) 122.0 (6)
Nf2) -C(6) -C(5) 111.7 (5) Cf42) -C(41) -Cf34) 118.3 (6)
N(5) -C(7) -N(4) 123.5 (5) Cf42) -C(41) -C(54) 117.9 (6)
N(5) -C (7) -Cf14) 119.4 (5) Cf34) -C (41) -C (54) 123.3 (6)
N(4) -C(7) -C(14) 116.9 (5) C(41) -C(42) -C(43) 124.3 (7)
Nf5) -C (8) -N(2) 123.2 (5) C (42) -C (43) -C(44) 122.6 (7)
N(5)
-Cf8) -Cf9) 124.5 (5) C(42) -C (43) -C (48) 119.2 (6)
N(2) -C(8) -C(9) 112.3 (5) Cf44) -C(43) -C(48) 118.1 (6)
N(3) -C(9) -C(10) 123.8 (6) C(45) -C(44) -Ct43) 122.4 f7)
Nf3)
-C(9) -C(8) 113.1 (6) C(44) -C(45) -C(46) 119.5 (7)
Cf10) -C (9) -C (8) 123 .1 (6) C(45) -C(46) -C f47) 120.9 (6)
C (11) -C (10) -C (9) 118.9 f6) Cf46) -C (47) -C (48) 121.2 (7)
C (10) -Cfll) -C (12) 118.8 f6) C (47) -C (48) -C (43) 117.9 (6)
Cfll) -C (12) -C(13) 119.5 (6) C (47) -C (48) -C(49) 123 .8 (6)
N(3)
-Cf13) -Cf12) 123.1 (6) Cf43) -C(48) -C(49) 118.3 (6)
C(15) -C(14) -Cf27) 120.4 (6) C(54) -C(49) -Cf50) 118.3 f5)
C (15) -C(14) -C (7) 116.4 (6) C (54) -C(49) -C(48) 121.0 (6)
Cf27) -C(14) -Cf7) 123.0 (6) C(50) -C(49) -Cf48) 120.8 (5)
C(14) -C(15) -C(16) 122.5 (7) C(51) -C(50) -C(49) 121.7 (6)
C(17) -C (16) -C(21) 119.5 (7) C(50) -C(51) -C(52) 119.6 (6)
Cf17) -C (16) -Cf15) 120.9 (7) C (53) -C (52) -C(51) 120.8 (6)
C (21) -C(16) -C (15) 119.6 (7) C(52) -C(53) -C(54) 120.2 (6)
C(18) -Cf17) -C(16) 121. 1(8) Cf49) -C(54) -C(53) 119.1 (6)
C (17)
-Cf18) -C (19) 119.4 (7) C (49) -C (54) -C (41) 118.7 (6)
C(20) -C(19) -Cf18) 120.7 (7) Cf53) -Cf54) -C(41) 122.2 (6)
C (19) -C (20) -C (21) 120.4 f7) Ff11) -B (1) -F (13) 110.8 (5)
Cf20) -Cf21) -C(16) 118.8 (6) Ff11) -3(1) -Ff14) 110.4 f6)
Cf20) -Cf21)
-Cf22) 122.7 (7) Ff13) -B f1) -Ff14) 109.8 f6)
Cf16) -C(21) -Cf22) 118.4 (6) Ff11) -3(1) -F(12) 108.2 (7)
Cf23)-Cf22)-C(27) 117.8(6) Ff13)-Bfl)-Ff12) 108.9(6)
Cf23) -Cf22) -Cf21) 122.1 (6) Ff14) -3(1) -Ff12) 108.6 f5)
Cf27)-Cf22) -Cf21) 120.0 f6) Ff24) -3f2)-Ff21) 113.3 (8)
C (24) -C (23) -C f22) 122.4 f6) F f24) -B f2) -F (23) 113.1 (8)
C(25) -C(24) -C(23) 119.0 f7) F(21) -3(2) -F (23) 110.8 (7)
Cf24)
-C(25) -Cf26) 121.3 (6) F (24) -B f2) -F (22) 105.7 f7)
Cf25) -Cf26) -Cf27) 120.7 (6) Ff21) -3(2) -Ff22) 103.1 (7)
Cf26) -Cf27) -C(22) 118.8 f6) Ff23) -B f2) -F f22) 110.1 f7)
Cf26) -Cf27) -Cf14) 122.9 (6) N(63) -C(62) -Cf61) 178.7 f8)














Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on FA2
Final R indices [I>2sigTna(I)]
R indices (all date)
Largest dif f. peak and hole
refinement for 2b, Chapter III, Part A.






a = 20.4809(9) Â
b = 14.6002 (6) Â










8429 [Rint = 0.053)
Semi-empirical f rom equivalents
0.8700 end 0.5600
Full-matrix least-squares on F2
8429 / 1338 / 1005
0.920
R1 = 0.0674, wR2 = 0.1563
R1 = 0.1416, wR2 = 0.1764
0.676 and -0.324 e/Â3












o Table 2. Bond lengths [Â] and angles [O] for 2b, Chapter III, Part A.
Ru-N(7)
Ru-N(2)
Ru - N (1)
Ru-N (3)

















































C (34) -C (35)
C(35)-C(36)




















































































C (55) -C (56)
















C (70) -C (71)
C(71) -C (72)
C(72) -C(73)







C (79) -C (80)



























































O P(l)-Ff12) 1.503(12) N(3)-Cf13)-C(12) 121.5(7)P(l)-Ffll) 1.571(12) C(11)-Cf12)-Cf13) 120.5(7)P (1) -F f16) 1.590 (11) C (12) -C fil) -C (10) 120.3 (7)
Pfl)
-Ff14) 1 .599 (12) Cf9) -C(10) -C(11) 117.4 (7)
Pf1)-F(15) 1.615(14) Cf15)-C(14)-C(19) 117.2(7)
P(2)-F(23) 1.49(2) C(15)-C(14)-C(7) 123.3(7)
P (2) -Ff22) 1.50 (2) C(19) -Cf14) -Cf7) 119.2 f7)
P (2) -F f21) 1.578 f18) Cf14) -C f15) -C f16) 121.6 (6)
Pf2) -Ff24) 1.59 (2) Cf17) -C(16) -Cf15) 122.1 (7)
Pf2)-F(26) 1.601(17) C (16) -C(17) -C(18) 115.5 (6)
Pf2) -Ff25) 1.61(2) C(16) -C(17) -C(20) 122.4 f7)
P(3)-F(33) 1.543(5) Cf18)-C(17)—Cf20) 122.1(7)
P (3) -F (34) 1.564 (7) C (19) -Cf18) -C f17) 123 .3 f7)
P(3) -Ff35) 1.565 (6) Cf18) -Cf19) -Cf14) 120.2 (7)
Pf3) -Ff36) 1.589 f6) Cf21) -Cf20) -C(33) 120.9 (7)
P (3) -F f31) 1.600 (7) C f21) -C (20) -C (17) 119.6 f7)
Pf3) -F (32) 1.603 (7) C(33) -Cf20) -Cf17) 119.4 f7)
Nf7)-RU-N(2) 176.8(2) C(20)-Cf21)-Cf22) 125.1(8)
Nf7)-RU-Nfl) 101.2f2) Cf23)-C(22)-C(21) 123.4(9)
Nf2)-RU-Nfl) 78.2(3) C(23)-Cf22)-C(27) 120.2(9)
Nf7)-RU-N(3) 102.9(2) Cf21)-C(22)-C(27) 116.4(9)
N(2)-RU-N(3) 77.7(3) C(24)-C(23)-C(22) 121.5(1)
N(1)-RU-N(3) 155.8(3) C(23)-C(24)-Cf25) 118.50(12)
Nf7)-RU-N(6) 78.1(2) C(26)-Cf25)-Cf24) 121.40(12)
N(2) -RU-N(6) 98.8 (2) C (25) -C (26) -C (27) 121.00 fil)
Nfl) -RU-Nf6) 93 .41f19) Cf22) -C(27) -Cf26) 117.3(1)
Nf3)-RU-Nf6) 89.15(19) Cf22)-Cf27)-C(28) 119.9(9)
N(7) -RU-N(8) 77.5 (2) C (26)
-C(27) -C(28) 122.9 f1)
N(2)-RU-Nf8) 105.6(2) C(33)-Cf28)-Cf27) 119.5f8)
Nfl) -RU-N(8) 93 .68 (19) C (33) -Cf28) -C f29) 118.0 f9)
N(3) -RU-N(8) 93.87 (19) C(27) -Cf28) -C(29) 122.5 (1)
N(6) -RU-N(8) 155.5 (2) Cf30) -C (29) -C (28) 120.7 f1)
Cfl) -N(1) -Cf5) 115.9 f6) C(29) -C(30) -C(31) 120.0 (1)
Cf1) -N(1) -RU 128.4 (5) C(32) -C(31) -C(30) 120.0 f1)
C(5) —N(1) -RU 115.7 (5) Cf31) -Cf32) -Cf33) 122.8 f9)
Nf1) -C (1) -C (2) 123 .1 f7) C (32) -C (33) -Cf28) 118.5 f8)
Cf3) -C f2) -C (1) 119.1 (7) Cf32) -C (33) -C (20) 123.3 f8)
Cf2) -C(3) -C(4) 118.7 (7) C(28) -Cf33) -C(20) 118.2 (8)
C(5) -Cf4) -Cf3) 119.2 (6) Cf34) -N(6) -Cf38) 117.4 f6)
C(4)-C(5)-N(1) 124.0(6) Cf34)-N(6)-RU 128.1(5)
Cf4)-C(5)-C(6) 123.2(7) C(38)-Nf6)-RU 114.4f4)
N(1) -Cf5) -Cf6) 112.8 f7) Nf6) -Cf34) -Cf35) 122.2 (7)
Nf4) -Cf6) -11(2) 123.6 (6) Cf36) -C(35) -Cf34) 119.5 f7)
Nf4) -C (6) -C f5) 123.8 (7) Cf35) -C (36) -C f37) 119.5 (7)
Nf2) -C(6) -C (5) 112.3 (7) C(36) -C (37) -C (38) 118.9(7)
C (8) -Nf2) -C (6) 116.9 f6) Nf6) -C (38) -C f37) 122.5 (6)
Cf8)-Nf2)-RU 122.0(5) N(6)-Cf38)-C(39) 114.1(6)
Cf6) -Nf2) -RU 121.0 (5) Cf37) -C (38) -C (39) 123.2 (7)
11(5) -C(8) -Nf2) 124.0 (7) Nf9) -Cf39) -Nf7) 123.0 (6)
Nf5) -C (8) -C (9) 123.0 f7) Nf9) -C (39) -C (38) 124.7 (7)
N(2)
-Cf8) -Cf9) 112.7 (7) N(7) -Cf39) -Cf38) 112.3 (7)
C (8) -Nf5) -Cf7) 115.6 f6) C (41) -11(7) -C f39) 117.0 (6)
Nf4)-Cf7)-11f5) 124.9(6) C(41)-Nf7)-RU 122.0(5)
Nf4) -Cf7) -Cf14) 116.6 (8) Cf39) -11(7) -RU 121.0 (5)
11(5) -C (7) -C (14) 118.5 f7) NflO) -C (41) -Nf7) 123.6 (6)
Cf6)-N(4)-Cf7) 114.9(6) N(10)-Cf41)-Cf42) 124.1(7)
C(10) -Cf9) -Nf3) 123.9 (7) N(7) -C(41) -C(42) 112.2 (6)
C (10) -C (9) -C f8) 123 .0 f7) C (41) -11(10) -Cf40) 115.9 f6)
N(3)-Cf9)-Cf8) 113.1(7) Nf9)-Cf40)-Nflo) 124.2(6)
Cf13) -Nf3) -Cf9) 116.4 (6) Nf9) -Cf40) -Cf47) 116.4 (7)





-Cf42) -Cf43) 120.4 (6) C(70) -C (75) —Cf76) 119 (2)
N(8)-Cf42)-Cf41) 115.1(6) C(74)-Ct75)-C(76) 123(2)
Cf43) -Cf42)
-Cf41) 124.5 (7) Cf77) -Cf76) -C(75) 125 (3)
C (46) -Nf8) -C (42) 118 .8 (6) C (77) -C(76) -C (81) 117 f3)
C (46) -N(8) -RU 128.0 (5) C (75) -C (76) -C (81) 118 (3)
C (42)
-N(8) -RU 113.1 (4) C(78) -C(77) -C(76) 123 (3)
Nf8) -C(46) -C(45) 121.8 (6) C(77) -Cf78) -C(79) 120 (3)
C (44) -C (45) -C (46) 119.5 f7) C (80) -Cf79) -C (78) 122 f3)
Cf45) -Cf44) -Cf43) 120.1 (7) C(79) -Cf80) -Cf81) 123 f3)
C(42)-C(43) -Cf44) 119.2(7) C(80) -Cf81)-Cf68) 120(2)
C(48) -C (47) -Cf52) 116.0 (7) C (80) -C (81) -C (76) 115 (2)
C (48) -C(47) -C(40) 122.6 (8) C (68) -C (81) -C f76) 125 (2)
C(52)-Cf47)-Cf40) 121.3(8) Ff13)-Pf1)-F(12) 91.0(9)
C(47) -Cf48) -C(49) 122.7 (8) F(13) -PCi) -Ff11) 92.1 f1)
C(48) -C(49) -C(50) 120.7 (8) Ff12) -P(1) -Ff11) 93. 7(8)
C (51) -C (50) -C (49) 117.3 f7) F (13) -P (1) -F (16) 90.5 (1)
CfSl)-Cf50)-Cf53) 127.10(13) Ff12)-P(1)-F(16) 93.5(8)
Cf49)-C(50)-Cf53) 114.90(13) F(11)-Pfl)-Ff16) 172.2(9)
Cf51) -Cf50) -Cf68) 116.40 f18) Ff13) -P(1) -Ff14) 93.4 f9)
Cf49)
-Cf50) -Cf68) 125.60 f18) Ff12) -Pfl)
-Ff14) 175.2 (1)
C(53)-Cf50)-Cf68) 19.90(15) Ff11)-Pfl)-Ff14) 84.1(8)
C (50) -C f51) -C (52) 121.4 f7) F(16) -P fi) -Ff14) 88.5 (8)
Cf51) -C (52) -C(47) 121.8 f7) F (13) -P fi) -F f15) 175.9 f9)
C(54)-Cf53)-C(67) 124.90(14) Ff12)-Pfl)-F(15) 92.8(8)
C (54) -C (53) -C f50) 120.30 (14) Ff11) -P fi) -F (15) 89.2 (8)
Cf67)-Cf53)-Cf50) 114.40(13) Ff16)-P(1)-F(15) 87.7(8)
C(53)—Cf54)-Cf55) 120.10(16) F(14)-Pfl)-Ff15) 82.9(7)
C (54) -C(55) -C f56) 121.80 (15) Ff23) -Pf2) -Ff22) 91.10 f19)
Cf54) -Cf55) -Cf60) 119.20 f15) Ff23) -P(2) -Ff21) 94.40 f17)
Cf56) -Cf55) -C(60) 119.00 f14) Ff22) -Pf2) -Ff21) 90.60 f17)
Cf57) -Cf56) -Cf55) 120.00 (17) Ff23) -P(2) -F(24) 92.90 (17)
Cf56)-Cf57)-Cf58) 121.30(15) Ff22)-P(2) -Ff24) 176(2)
C f59) -C (58) -C f57) 120.40 (13) Ff21) -P(2) -Ff24) 87.10 f14)
Cf58) -C(59) -Cf60) 121.10 f15) Ff23) -P(2) -Ff26) 89.10 (18)
Cf55) -Cf60) -Cf59) 118.20 f15) Ff22) -Pf2) -Ff26) 92.40 f14)
Cf55) -Cf60) -Cf61) 118.90 f14) Ff21) -Pf2) -Ff26) 175 (2)
C (59) -C(60) -C f61) 122.70 (16) Ff24) -P (2) -Ff26) 89.70 (15)
C(67) -C(61) -C(62) 117.30 f15) F (23) -Pf2) -Ff25) 175 (2)
C(67) -Cf61) -Cf60) 119.20 f14) Ff22) -Pf2) -Ff25) 94.20 f17)
Cf62) -Cf61) -Cf60) 123 .50 f16) Ff21) -Pf2) -Ff25) 86.90 f15)
C (63) -C(62) -C (61) 122.70 f18) Ff24) -P (2) -Ff25) 81.90 f16)
Cf62) -Cf63) -Cf64) 118.50 f19) Ff26) -Pf2) -Ff25) 89.30 f16)
C f66) -C f64) -C f63) 120.40 f15) Ff33) -P (3) -F (34) 92.5 f4)
C(64)—Cf66)-Cf67) 122.50(16) Ff33)-Pf3)-Ff35) 178.9(4)
C(66) —Cf67)
-C(61) 117.90 (15) F f34) -P f3) -Ff35) 87.7 (4)
Cf66) -C(67) -Cf53) 125.10 (15) Ff33) -P (3) -Ff36) 91.4 (3)
C (61) -C (67) -C f53) 116.90 f13) F (34) —P f3) -F f36) 89.9 f4)
C (81) -C (68) -C f69) 109.60 (18) Ff35) -P f3) -Ff36) 87.5 f3)
C (81) -Cf68) -C f50) 124 f2) Ff33) -P (3) -F f31) 90.6 f3)
Cf69) -Cf68) -Cf50) 126(2) Ff34) -Pf3) -Ff31) 93.9(5)
Cf68) -Cf69) -Cf70) 128 f3) F(35) -P (3) -Ff31) 90.5 f3)
C (75) -C (70) -C (71) 120 f3) Ff36) -P (3) -Ff31) 175.6 f5)
Cf75) -Cf70) -Cf69) 119 f2) Ff33) -P f3) -Ff32) 85.8 f3)
Cf71)
-Cf70) -Cf69) 120 (3) F (34) -P (3) -F f32) 178.4 (4)
C(72) -C(71) -C(70) 118 (3) F(35) -P (3) -Ff32) 93.9 (4)
Cf71)-Cf72)-Cf73) 122(2) Ff36)-Pf3)-Ff32) 90.1f4)




‘z Appendix 5: Supplementary information for chapter III, part B.
B



















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (ah data)
Largest diff. peak and hole






a = 8.9102(5) Â
b = 23.1288(10) Â










3462 [Rjnt = 0.044]
Semi-empirical f rom equivalents
0.8900 and 0.8800
Fuil-matrix least-squares on F2
3462 / 2 / 285
0.998
R1 = 0.0539, wR2 = 0.1493
R1 = 0.0581, wR2 = 0.1530





Table 2. Atomic coordinates (x iO) and equivalent isotropic
dispiacement parameters (Â2 x i0) for 12, Chapter III,Part .
Ueq is defined as one third of the trace of the orthogonalized
Uij tensor.
X Y Z Ueq
N(1) 6625(2) 74(1) 7053(2) 28(1)
Nf2) 7604 (2) 33(1) 4555 (2) 25(1)
Nf3) 9117(2) -917(1) 3941(2) 31(1)
N(4) 6587(2) 980(1) 3890(2) 25(1)
Nf5) 7922(2) 502(1) 2399(2) 26(1)
C(1) 6195 (2) 108(1) 8296 (2) 30(1)
C(2) 5390(2) 574(1) 8638 (2) 31(1)
C(3) 4986(2) 1030(1) 7628(2) 32(1)
C(4) 5431(2) 1004(1) 6330(2) 29(1)
C(5) 6259 (2) 526(1) 6101 (2) 25(1)
Cf6) 6837(2) 505(1) 4764(2) 24(1)
C(7) 7165 (2) 955(1) 2730(2) 25(1)
C(8) 8108 (2) 54(1) 3349 (2) 25(1)
C(9) 8943 (2) —460(1) 3007(2) 26(1)
C (10) 9507(2) -453(1) 1787 (2) 30(1)
C fil) 10283 f3) -937(1) 1497(2) 33(1)
Cf12) 10470(2) -1408(1) 2444(2) 34(1)
C(13) 9876 (3) -1376(1) 3641(2) 35(1)
C(14) 7006(2) 1476(1) 1755(2) 26(1)
C(15) 5537(2) 1774(1) 1150(2) 26(1)
C(16) 4098 (2) 1589(1) 1356 (2) 28(1)
C(17) 2718(3) 1884(1) 713(2) 33(1)
C(18) 2679(3) 2379(1) -186(2) 37(1)
C(19) 4034(3) 2567(1) -414 (2) 34(1)
C(20) 5489 (2) 2273(1) 233 (2) 28(1)
Cf21) 6898(3) 2460(1) -22(2) 33 fi)
Cf22) 8283(3) 2161(1) 566(2) 33(1)
C(23) 8337 (2) 1663(1) 1450 (2) 29(1)




Q T1e 3. Hydrogen coordinates (x 10) and isotropic
parameters (Â2 x iO) for L2, Chapter III,Part B.
X Y Z Ueq
H(1) 6459 -205 8992 22 (5)
1-1(2) 5116 578 9543 25(5)
1-1(3) 4424 1354 7819 33(6)
H(4) 5164 1308 5608 30(5)
1-1(10) 9360 -122 1155 36 (6)
1-1(11) 10678 -943 662 47(7)
1-1(12) 10997 -1746 2280 37(6)
1-1(13) 10019 -1700 4297 43(7)
H(16) 4095 1254 1945 30(6)
1-1(17) 1771 1756 873 45(7)
1-1(18) 1710 2579 -631 32(6)
H(19) 4002 2901 -1017 45 (7)
H(21) 6878 2799 -607 35 (6)
1-1(22) 9215 2289 376 42(7)
H(23) 9302 1455 1842 42(7)
11(513) 2200 (30) 713 (6) 3190 (40) 75 (10)
H(51A) 1590(30) 987 (14) 4080 (18) 74 (10)
o
XXVIII
Q Table 4. isoropic parameters (Â2 x 1O) for L2, Chapter III,Part B.
The anisotropic dispiacement factor exponent takes the form:
-2 i2 [ h2 a*2 U11 + . . . + 2 h k a* 5* U12
Uli U22 U33 U23 U13 U12
N(1) 35(1) 24(1) 22(1) 1 (1) 6(1) -3(1)
N(2) 33(1) 20(1) 21 (1) 0(1) 5(1) -2(1)
N(3) 38(1) 22(1) 31 (1) 2(1) 9(1) 1 (1)
N(4) 36(1) 19(1) 20(1) 0(1) 6(1) 0(1)
N(5) 35(1) 19(1) 23(1) 0(1) 8(1) -2(1)
C(1) 40(1) 27(1) 20(1) 3(1) 7(1) -5(1)
C(2) 39(1) 32(1) 21 (1) -4(1) 10(1) -8(1)
C(3) 39(1) 26(1) 28(1) -6(1) 9(1) -3(1)
C(4) 39(1) 23(1) 23(1) 0(1) 6(1) -2(1)
C(5) 33(1) 21 (1) 19(1) -1 (1) 4(1) -4(1)
C (6) 31 (1) 19(1) 18(1) -1 (1) 3(1) -4(1)
C (7) 34(1) 20(1) 19(1) -1 (1) 5(1) -3(1)
C(8) 30(1) 21 (1) 20(1) -1 (1) 4(1) -4(1)
C(9) 30(1) 20(1) 24(1) -1 (1) 4(1) -3(1)
C (10) 37(1) 24(1) 26(1) -1 (1) 6(1) -2(1)
C (11) 38(1) 30(1) 32(1) -7(1) 11 (1) -2(1)
C(12) 37(1) 24(1) 39(1) -8(1) 9(1) 1(1)
C(13) 45(1) 21(1) 37(1) 1(1) 10(1) 3(1)
C(14) 41 (1) 17(1) 19(1) -2(1) 10(1) -2(1)
C(15) 42(1) 17(1) 17(1) -4(1) 7(1) -2(1)
C(16) 40(1) 21 (1) 22(1) 1 (1) 9(1) -1 (1)
C(17) 38(1) 31 (1) 28(1) 0(1) 6(1) -2(1)
C (18) 43(1) 31 (1) 30(1) 2(1) 2(1) 4(1)
C (19) 50(1) 23(1) 23(1) 2(1) 4(1) -2(1)
C (20) 43(1) 18(1) 19(1) -2(1) 6(1) -3(1)
C (21) 50(1) 20(1) 28(1) 4(1) 12(1) -4(1)
C(22) 47(1) 23(1) 32(1) 0(1) 17(1) -6(1)
C(23) 41 (1) 22(1) 26(1) -1 (1) 12(1) -1 (1)
0(51) 52(1) 31(1) 41 (1) 13(1) 20(1) 8(1)
o
XXIX
























































C(7) -11(5) -C (8)
























































































C (9) -C (10) -14(10)
C (11) -C (10) -H (10)
C(12) -C(11) -C(10)
C(12) -C(11) -14(11)



















C (18) -Cf17) -14(17)
C (19) -C (18) —C (17)
C (19) -C (18) -14(18)
C (17) -C (18) -14(18)
C (18) -C(19) -C(20)
C(18) -C(19) -11(19)
C(20) -C(19) -14(19)



































































C (14) -C(23) -C(22)
C (14) -C(23) -11(23)



































Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on FA2
Final R indices [I>2sigma(I)]
R indices (ah data)
Largest dif f. peak and hole






a = 19.4728 (3) A
b = 22.3984 (3) Â
c = 22.8983 (3) Â









19369 [Rint = 0.038)
Semi-empirical f rom equivalents
0.7500 and 0.4200
Fuil-matrix least-squares on FA2
19369 / 174 / 1368
0.911
R1 = 0.0510, wR2 = 0.1350
R1 = 0.0820, wR2 = 0.1484






Table 2. Atomic coordinates (x i0) and equivalent isotropic
dispiacement parameters (Â2 x i0) for 25, chapter III, part B.
Ueq 15 defined as one
Uij tensor.
third of the trace of the orthogonalized
X Y Z Ueq
Ru(1) 2487(1) 2461 (1) 7246(1) 32(1)
N(1) 2337(2) 3216 (2) 6689(2) 34(1)
N(2) 1522(2) 2352(2) 6810(2) 33(1)
N(3) 2192 (2) 1669 (2) 7612 (2) 35(1)
N(4) 610(2) 2645(2) 6040(2) 34(1)
N(5) 508(2) 1772(2) 6616(2) 36(1)
N(6) 2366 (2) 2950(2) 7998(2) 34(1)
N(7) 3457(2) 2522 (1) 7685(1) 32(1)
Nf8) 3041(2) 2003(2) 6693(2) 35(1)
N(9) 4239(2) 2822(2) 8538(2) 34(1)
N(10) 4634(2) 2256(2) 7777(2) 35(1)
C(1) 2775(2) 3674(2) 6663(2) 44(1)
C(2) 2600 (2) 4149 (2) 6273 (2) 51(1)
C(3) 1965 (2) 4163 (2) 5897(2) 51(1)
C(4) 1504 (2) 3694 (2) 5910(2) 41(1)
C(5) 1699(2) 3234(2) 6307(2) 36(1)
C(6) 1237(2) 2732(2) 6375(2) 33(1)
Cf7) 254(2) 2161 (2) 6179(2) 34(1)
C(8) 1148(2) 1877(2) 6914(2) 34(1)
C(9) 1527(2) 1492(2) 7385(2) 35(1)
C(10) 1241(2) 981(2) 7586(2) 41(1)
Cf11) 1644 (2) 649 (2) 8030 (2) 47(1)
C(12) 2311(2) 822(2) 8257(2) 46(1)
C(13) 2577 (2) 1331(2) 8038 (2) 41(1)
C(14) -465(2) 2080(2) 5844(2) 33(1)
C(15) -783 (2) 2584 (2) 5569 (2) 40(1)
C(16) -1487 (2) 2588 (2) 5303 (2) 45(1)
C(17) -1882 (2) 2085 (2) 5322 (2) 41(1)
C(18) -1576(2) 1554(2) 5570(2) 33(1)
C(19) -1983 (2) 1028 (2) 5565 (2) 45(1)
C (20) -1701 (2) 515 (2) 5789 (2) 53(1)
C(21) -983 (2) 482 (2) 6030 (2) 51(1)
C(22) -574(2) 974(2) 6052(2) 42(1)
C(23) -852(2) 1534(2) 5835(2) 33(1)
C(24) 1775(2) 3158(2) 8129(2) 43(1)
C(25) 1757(2) 3475(2) 8642(2) 49(1)
C(26) 2375(2) 3587 (2) 9034 (2) 49(1)
C(27) 2992(2) 3365(2) 8909(2) 44(1)
C(28) 2982(2) 3052(2) 8390(2) 34(1)
C(29) 3609 (2) 2798(2) 8218(2) 32(1)
Cf30) 4746 (2) 2548(2) 8302 (2) 33(1)
C(31) 3986(2) 2250(2) 7485(2) 33(1)
C(32) 3750 (2) 1959 (2) 6905 (2) 35(1)
C(33) 4196(2) 1674(2) 6597(2) 41(1)
C(34) 3925(3) 1427 (2) 6050(2) 51(1)
C(35) 3226(3) 1469(2) 5834(2) 51(1)
C(36) 2791(2) 1748(2) 6163(2) 43(1)
C(37) 5455(2) 2555(2) 8664(2) 38(1)
C C(38) 5510 (2) 2522 (2) 9272 (2) 45 f1)C(39) 6164 (3) 2482 (2) 9648 (2) 54(1)
o
XXXIII
O C(40) 6766(2) 2483 (2) 9418 (2) 54 (1)C(41) 6740 (2) 2520 (2) 8805 (2) 47(1)
Cf42) 7354(2) 2536(2) 8558(3) 62(2)
C(43) 7339(3) 2616(3) 7981(3) 78(2)
C(44) 6701(3) 2688(3) 7593(3) 72(2)
C(45) 6080 (2) 2657 (2) 7801 (2) 53(1)
Cf46) 6079 (2) 2570 (2) 8409(2) 40(1)
Ru(2) 2432(1) 9959(1) 2281(1) 30(1)
Nfll) 2345(2) 10731(1) 1756(2) 32(1)
N(12) 1468 (2) 9904(1) 1821 (2) 31(1)
N(13) 2074(2) 9163(2) 2600(2) 34(1)
Nf14) 604(2) 10259(2) 1049(2) 33(1)
N(15) 416(2) 9371 (2) 1585 (2) 36(1)
N(16) 2329 (2) 10451 (2) 3044(1) 32(1)
N(17) 3401 (2) 9986(1) 2728(1) 30(1)
N(18) 2978(2) 9490(1) 1727(2) 33(1)
N(19) 4197 (2) 10297 (2) 3572 (2) 35(1)
N(20) 4578 (2) 9720 (2) 2807 (2) 35(1)
C(47) 2820 (2) 11165 (2) 1752 (2) 39(1)
C(48) 2696(2) 11652(2) 1386(2) 42(1)
Cf49) 2065 (2) 11713 (2) 1003 (2) 44(1)
c(50) 1573(2) 11268(2) 996(2) 38(1)
C(51) 1720(2) 10790 (2) 1368 (2) 32(1)
c(52) 1224(2) 10305(2) 1398(2) 29(1)
C(53) 211(2) 9782(2) 1150(2) 34(1)
C(54) 1058(2) 9440(2) 1903(2) 33(1)
C(55) 1395(2) 9024(2) 2352(2) 35(1)
C(56) 1076(2) 8512(2) 2506(2) 43(1)
C(57) 1446 (3) 8134 (2) 2925 (2) 48(1)
C(58) 2126 (2) 8269 (2) 3165(2) 46(1)
C(59) 2421 (2) 8782 (2) 2993 (2) 41(1)
C(60)
-495(2) 9727 (2) 777(2) 38(1)
C (61) -747 (2) 10230 (2) 463 (2) 46(1)
C(62) -1433(2) 10266(2) 135(2) 51(1)
C(63) -1870(2) 9793(2) 120(2) 48(1)
C(64) -1634(2) 9258(2) 423(2) 43(1)
c(65) -2099 (2) 8770(2) 397(2) 54(1)
C(66) -1887(3) 8246(3) 668(2) 61(2)
C(67)
-1186(3) 8182(2) 963(3) 64(2)
C(68) -729(2) 8654 (2) 1009 (2) 52(1)
C(69)
-937(2) 9209 (2) 749(2) 41(1)
C(70) 1745(2) 10689(2) 3171(2) 38(1)
C(71) 1744 (2) 11001 (2) 3690(2) 40(1)
C(72) 2363(2) 11076(2) 4096(2) 44(1)
C(73) 2971 (2) 10843 (2) 3962 (2) 39(1)
C(74) 2941 (2) 10532 (2) 3438(2) 33(1)
C(75) 3561 (2) 10265 (2) 3253 (2) 31(1)
C(76) 4703 (2) 10021 (2) 3326 (2) 36(1)
C(77) 3924(2) 9722(2) 2520(2) 33(1)
C(78) 3680 (2) 9440 (2) 1935 (2) 34(1)
C(79) 4125 (2) 9159 (2) 1618 (2) 42(1)
C(80) 3853 (2) 8927 (2) 1060 (2) 48(1)
C(81) 3142 (3) 8972 (2) 858 (2) 49(1)
C(82) 2716 (2) 9246 (2) 1197 (2) 41(1)
C(83) 5422(2) 10040(2) 3681(2) 38(1)
C(84) 5488(2) 10075(2) 4285(2) 48(1)
C(85) 6146 (2) 10057 (2) 4667 (2) 54(1)
C(86) 6735(3) 10010(2) 4434(2) 56(1)
C(87) 6701 (2) 10005 (2) 3812 (2) 50(1)
C(88) 7318(2) 9992(2) 3567(3) 67(2)
C(89) 7291(3) 10019(3) 2986(3) 85(2)
C(90) 6647 (3) 10068 (3) 2588 (3) 81(2)
XXXIV
O C(91) 6032(2) 10061(2) 2800(2) 57(1)Cf92) 6043(2) 10023(2) 3413(2) 42(1)
Pfl) 4683(1) 4211(1) 7523(1) 52(1)
F(11) 4025 (2) 4331(2) 7801(2) 101(1)
9(12) 4955(2) 4867(2) 7652(2) 103(1)
Ff13) 4242 (2) 4408(1) 6893(1) 74(1)
Ff14) 4425(2) 3544(1) 7382(2) 73(1)
Ff15) 5122 f1) 4009 (2) 8146(1) 72(1)
Ff16) 5336 f1) 4088(2) 7218(1) 78(1)
P(2) 4763 f1) 1650 f1) 2468(1) 62(1)
Ff21) 4080(2) 1808 (2) 2723 (2) 86(1)
9(22) 5048(2) 2309(2) 2586(2) 95(1)
Ff23) 4351 (2) 1835 f1) 1829 f1) 74(1)
Ff24) 4485 f2) 991(1) 2348(2) 86(1)
Ff25) 5170(2) 1460 (2) 3097 (2) 97(1)
Ff26) 5431(2) 1483(2) 2183(2) 80(1)
Pf3) 4109(1) 8436 f1) 4392 f1) 86(1)
Ff31) 4511(4) 7876 f3) 4553 (3) 275 (5)
Ff32) 3451f2) 8091(3) 4077(2) 170(2)
Ff33) 4341(2) 8462(3) 3771(2) 170(2)
Ff34) 4744(2) 8796(3) 4700(2) 180(3)
Ff35) 3791(3) 8449 (3) 4959 (2) 187(3)
Ff36) 3701f3) 9039(2) 4169 (2) 147(2)
3(4) 806(3) 6078(3) 5789(2) 45(1)
Ff41) 1276(2) 6526(2) 5761(2) 148(2)
Ff42) 676(2) 6178f2) 6355(2) 138(2)
Ff43) 1154(3) 5599(2) 5795(3) 165(2)
Ff44) 234(2) 6150(2) 5404(2) 123(2)
C(101) 4580 (4) 3143 f3) 5938(3) 102 f2)
C(102) 3841 (4) 3058 f3) 5699 (3) 81(2)
N(103) 3288(4) 3002(3) 5517(3) 115(2)
Cflll) 5050(4) 4053(3) 9627(3) 100(2)
Cf112) 5738(5) 3997(4) 10023(4) 104(3)
Nf113) 6227(4) 3940f4) 10322(5) 177(4)
Cf121) 9426(4) 2617(4) 9162(4) 137(3)
Cf122) 9129(4) 2035(5) 9172(4) 94(3)
51(123) 8893(4) 1561(4) 9183(4) 128(3)
C(131) 4815(3) 547(3) 927(3) 97(2)
C(132) 4062(3) 520(2) 838(3) 63(2)
Nf133) 3477(3) 497(2) 772(2) 83(2)
o
xxxv
Table 3. Hydrogen coordinaLes Cx i0) and isotropic dispiacement
parameters (Â2 x i0) for 2h, chapter III, part B.
X Y Z Ueq
11(1) 3214 3673 6918 52
Hf2) 2920 4462 6267 61
H(3) 1843 4486 5635 62
11(4) 1067 3690 5653 50
11(10) 782 863 7422 50
H(11) 1458 305 8177 57
11(12) 2589 597 8559 55
H(13) 3041 1444 8192 50
H(15) -517 2933 5561 48
11(16) -1690 2934 5111 54
11(17)
-2365 2096 5166 49
11(19) -2463 1042 5399 53
H(20) -1984 174 5784 64
H(21) -785 117 6179 61
11(22) -94 943 6214 50
11(24) 1353 3086 7863 51
11(25) 1330 3614 8724 58
1-1(26) 2375 3811 9381 59
H(27) 3416 3427 9175 53
11(33) 4676 1648 6756 49
H(34) 4220 1233 5829 62
11(35) 3037 1308 5460 62
11(36) 2307 1760 6013 51
11(38) 5103 2526 9436 54
11(39) 6191 2456 10062 64
11(40) 7202 2457 9676 65
1-1(42) 7789 2488 8812 75
H(43) 7758 2624 7835 94
1-1(44) 6693 2758 7187 86
11(45) 5653 2696 7533 64
11(47) 3255 11133 2010 46
11(48) 3043 11945 1396 51
11(49) 1971 12048 753 53
1-1(50) 1139 11295 736 45
11(56) 612 8423 2328 52
11(57) 1234 7789 3044 58
Ht58) 2389 8013 3446 55
H(59) 2890 8866 3160 49
11(61) -450 10561 468 56
1-1(62)
-1587 10617 -73 61
1-1(63) -2332 9820
-92 58
11(65) -2561 8809 189 64
H(66) -2204 7928 659 73
1-1(67) -1030 7812 1130 77
1-1(68) -268 8606 1218 63
11(70) 1323 10643 2899 45
H(71) 1325 11161 3769 48
11(72) 2368 11281 4454 53
H(73) 3399 10895 4225 47
11(79) 4605 9125 1779 50
11(80) 4145 8746 828 57
11(81) 2944 8815 483 59cD 11(82) 2232 9262 1053 50
11(84) 5083 10112 4451 57
11(85) 6177 10076 5081 65
H(86) 7172 9981 4690 68
11(88) 7755 9963 3822 80
11(89) 7708 10006 2836 102
11(90) 6638 10105 2177 97
11(91) 5602 10082 2533 68
Hf1OA) 4812 3289 5626 153
H(103) 4787 2766 6087 153
H(1OC) 4636 3431 6260 153
H(1A) 4686 3939 9841 150
H(11B) 5033 3792 9286 150
H(1C) 4979 4463 9493 150
Hf12A) 9413 2738 8753 206
H(123) 9907 2610 9373 206
H(12C) 9160 2898 9353 206
H(13A) 5008 153 1033 146
11(133) 4989 826 1245 146
H(13C) 4955 678 563 146
xxxv’
xxxv”
Table 4. Anisotropic parameters (Â2 x ;O) for 2b, chapter III, part B.
The anisotropic dispiacement factor exponent takes the form:
-2 x2 [ h a*2 U11 + . . . + 2 h k a* b* U12 J
U11 U22 U33 U23 U13 U12
Ru (1) 26(1) 37(1) 33(1) 0(1) 2(1) -3(1)
Nt’) 29(2) 35(2) 37(2) 0(2) 4(2)
-2(2)
N(2) 28(2) 35(2) 34(2) 1(2) 3(1) -2(1)
N(3) 32(2) 36(2) 34(2) 0(2) 4(2) -3(2)
N(4) 31(2) 36(2) 33(2) 1(2) 1(1) -3(1)
N(5) 30(2) 38(2) 39(2) 0(2) 3(2) -6(2)
N(6) 33(2) 36(2) 32(2) -1(2) 6(2) -2(2)
N(7) 27(2) 38(2) 32(2)
-4(2) 5(1) -1(1)
N(8) 36(2) 36(2) 33(2) -1(2) 4(2) -3(2)
N(9) 28(2) 42(2) 32(2) 0(2) 3(1) -1(2)
N(10) 30(2) 41(2) 35(2) -2(2) 6(2) -2(2)
C(1) 39(3) 43(3) 47(3) -5(2) 3(2) -9(2)
C(2) 53(3) 40(3) 59(3) 0(2) 10(2) -15 (2)
C(3) 51(3) 41(3) 60(3) 14(2) 6(2) -3(2)
C(4) 38(3) 40(3) 44(3) 3(2) 5(2) -1(2)
C(5) 36(2) 34(2) 37(2) -1(2) 7(2) —2(2)
C(6) 30(2) 32(2) 36(2) 2(2) 5(2) 1(2)
C(7) 28(2) 39(2) 33(2) -4(2) 3(2) -4(2)
C(8) 32(2) 38(2) 32(2) 0(2) 8(2) -4(2)
C(9) 33(2) 38(2) 33(2) 2(2) 2(2) 0(2)
C(10) 38(3) 40(3) 45(3) 2(2) 4(2) -4(2)
C(11) 58(3) 36(3) 48(3) 8(2) 10(2) -2(2)
C(12) 50(3) 48(3) 36(3) 8(2)
-1(2) 6(2)
C(13) 36(3) 47(3) 38(3) 2(2) -2(2) 3(2)
C(14) 29(2) 37(2) 31(2) -2(2) 2(2) 1(2)
C(15) 37(3) 37(2) 44(3) 0(2) 3(2) -3(2)
C(16) 38(3) 43(3) 48(3) 0(2) -3(2) 8(2)
C(17) 29(2) 55(3) 36(2) -7(2) 0(2) 0(2)
C(18) 29(2) 42(3) 28(2) -1(2) 4(2) -5(2)
C(19) 34(3) 60(3) 36(3) 3(2) -2(2) -10 (2)
C(20) 50(3) 55(3) 48(3) 10(2)
-6(2) -22 (2)
C(21) 51(3) 41(3) 54(3) 9(2) -5(2) -8(2)
C(22) 36(3) 43(3) 43(3) 4(2) -2(2) -3(2)
C(23) 29(2) 41(2) 28(2)
-3(2) 5(2) -3(2)
C(24) 33(2) 45(3) 49(3) 4(2) 7(2) 1(2)
C(25) 43(3) 54(3) 51(3) 2(2) 15(2) 16(2)
C(26) 52(3) 56(3) 40(3) -5(2) 10(2) 14(2)
C(27) 39(3) 56(3) 36(3) -2(2) 4(2) 3(2)
C(28) 32(2) 37(2) 32(2) 0(2) 7(2) 1(2)
C(29) 31(2) 35(2) 29(2) 2(2) 6(2) -1(2)
C(30) 30(2) 33(2) 35(2) 2(2) 3(2) 0(2)
C(31) 31(2) 32(2) 35(2) 1(2) 5(2) 1(2)
C(32) 39(2) 32(2) 33(2) -2(2) 8(2) -5(2)
C(33) 43(3) 38(3) 41(3) -3(2) 6(2) 3(2)
C(34) 65(3) 44(3) 46(3) -11(2) 15(2) 8(2)
C(35) 65(3) 45(3) 39(3) -12 (2) -2(2) 4(2)
C(36) 44(3) 41(3) 38(3) -3(2) -5(2) -2(2)
C(37) 34(2) 41(3) 37(2) -4(2) -1(2) 1(2)
C(38) 44(3) 52(3) 37(3) 0(2) 1(2) 1(2)
C(39) 56(3) 54(3) 41(3) 0(2) -15 (2) 4(2)
xxxv”
G C(40) 40(3) 51(3) 61(3) -3(3) -20 (2) 6(2)C(41) 34(2) 39(3) 64(3) -13 (2) -6(2) 4(2)C(42) 29(3) 61(4) 93(5) -20 (3) 2(3) 2(2)
C(43) 33(3) 106(5) 101(5) -39(4) 24(3) -8(3)
Cf44) 50(3) 104(5) 68(4) -16(4) 27(3) -10(3)
C(45) 36(3) 72(4) 52(3) -5(3) 8(2) -2(2)
C(46) 29(2) 44(3) 45(3)
-3(2) 1(2) 3(2)
Ru (2) 25(1) 33(1) 29(1) 1(1) -1(1) -2(1)
N(11) 27(2) 34(2) 33(2) 3(2) 4(1) 0(1)
N(12) 28(2) 34(2) 30(2) 0(2) 5(1) -4(1)
N(13) 34(2) 34(2) 32(2) 0(2) 6(2) -1(2)
N(14) 27(2) 39(2) 32(2)
-2(2) 2(1) -2(1)
N(15) 27(2) 37(2) 42(2) 0(2) 2(2) -4(1)
N(16) 26(2) 38(2) 30(2) 2(2) 1(1) 0(1)
Nf17) 27(2) 34(2) 29(2) 1(2) 0(1) 1(1)
N (18) 31(2) 30(2) 34(2) -1(2) 2(1) -1(1)
Nf19) 27(2) 40(2) 35(2) -1(2) -2(2) -2(2)
N(20) 29(2) 38(2) 36(2) 2(2) 0(2) 1(2)
C(47) 30(2) 44(3) 41(3) -2(2) 3(2) -5(2)
C(48) 36(3) 36(3) 56(3) -1(2) 9(2) -9(2)
C(49) 53(3) 33(3) 48(3) 5(2) 16(2) 0(2)
C(50) 35(2) 40(3) 37(2) 3(2) 4(2) 2(2)
C(51) 26(2) 38(2) 30(2) -4(2) 3(2) 0(2)
Cf52) 26(2) 35(2) 26(2) -1(2) 3(2) 0(2)
C(53) 27(2) 41(2) 33(2) -6(2) 2(2) -4(2)
C(54) 30(2) 34(2) 34(2) -5(2) 4(2) -6(2)
C(55) 38(2) 34(2) 32(2) -3(2) 5(2) -5(2)
C(56) 44(3) 43(3) 44(3) 2(2) 12(2) -8(2)
C(57) 62(3) 38(3) 47(3) 1(2) 17(2) -4(2)
C(58) 57(3) 39(3) 40(3) 6(2) 7(2) 5(2)
C (59) 46(3) 40(3) 36(2) 3(2) 1(2) 3(2)
Cf60) 27(2) 46(3) 38(2) -11 (2) 0(2) 1(2)
C(61) 38(3) 55(3) 42(3)
-5(2) -3(2) -3(2)
C(62) 43(3) 58(3) 44(3) -4(2) -12(2) 2(2)
C(63) 30(2) 71(4) 40(3) -14 (2) -4(2) -3(2)
C(64) 29(2) 57(3) 41(3) -15 (2) 3(2) -3(2)
Cf65) 33(3) 77(4) 47(3) -21(3) -2(2) -11(2)
C(66) 45(3) 70(4) 66(4) -20(3) 4(3) -25 (3)
C(67) 55(3) 51(3) 81(4) -5(3) 1(3) -7(3)
C (68) 33(3) 51(3) 68(4) -10(3) 1(2) -12 (2)
C(69) 32(2) 48(3) 40(3) -13 (2) 5(2) -4(2)
C(70) 29(2) 41(3) 41(3) 7(2) 3(2) -2(2)
Cf71) 36(2) 40(3) 44(3) -1(2) 7(2) 5(2)
Cf72) 49(3) 45(3) 37(3) -4(2) 5(2) 5(2)
C(73) 37(2) 40(3) 37(2) 0(2) -1(2) 2(2)
C(74) 29(2) 34(2) 34(2) 1(2) 0(2) -2(2)
C(75) 28(2) 33(2) 32(2) 2(2) 1(2) -2(2)
C(76) 29(2) 36(2) 42(3) 6(2) 2(2) -3(2)
C(77) 27(2) 34(2) 35(2) 1(2) 2(2) 0(2)
C(78) 35(2) 32(2) 34(2) 2(2) 4(2) 3(2)
C (79) 37(3) 41(3) 43(3) -4(2) -1(2) 5(2)
C (80) 54(3) 38(3) 52(3) -8(2) 10(2) 9(2)
C(81) 60(3) 46(3) 38(3) -8(2) -1(2) 5(2)
Cf82) 40(3) 41(3) 40(3) -3(2) -2(2) 0(2)
C(83) 31(2) 37(2) 43(3) 2(2) -4(2) 3(2)
C(84) 38(3) 56(3) 46(3) -2(2) 0(2) 4(2)
C (85) 45(3) 57(3) 52(3) -3(3) -11 (2) 2(2)
C(86) 43(3) 44(3) 69(4) -4(3) -21 (2) 3(2)
C (87) 31(2) 42(3) 70(4) -8(3) -5(2) 4(2)
C(88) 27(3) 73(4) 95(5) -26 (4) -5(3) 7(2)
C(89) 34(3) 115 (6) 109(6) -43 (5) 23(3) -7(3)
C(90) 52(4) 123(6) 71(4)
-27(4) 19(3) -6(4)
XXXIX
O C(91) 36(3) 72(4) 63(4) -13(3) 11(2) -3(2)C(92) 31(2) 35(2) 57(3) -9(2) 0(2) 1(2)
PCi) 39(1) 54(1) 58(1) 10(1) -1(1) -6(1)
Ff11) 53(2) 156(4) 95(3)
-7(3) 19(2) 21(2)
Ff12) 116(3) 65(2) 111(3) -4(2) -20(2) -24(2)
F(13) 64(2) 67(2) 80(2) 19(2) -16(2) 0(2)
Ff14) 67(2) 54(2) 87(2) 20(2) -11(2) -11(2)
Ff15) 50(2) 107(3) 53(2) 18(2) -2(1) -9(2)
F(16) 45(2) 123f3) 63(2) 12(2) Sf2) -10(2)
Pf2) 43(1) 63(1) 73(1) 15(1)
-4(1) -6(1)
F(21) 46(2) 124 f3) 87 f3) -4(2) 7(2) 1(2)
Ff22) 75(2) 72f2) 128(3) —6f2)
-9(2) -20f2)
Ff23) 62(2) 81(2) 71(2) 17(2)
-8(2) -4(2)
Ff24) 67(2) 60(2) 120(3) 27(2) -10(2) -10(2)
Ff25) 55(2) 140(3) 86(3) 38(2) -10 (2)
-4(2)
Ff26) 44(2) 104 (3) 89(3) -2(2) 6(2) -5(2)
Pf3) 63(1) 108(2) 89(1) -19 f1) 17 f1) -5 (1)
Ff31) 279 (7) 243 (7) 240 f8) -96 (6) -111 f6) 206 f6)
Ff32) 119(3) 243 f5) 143 (4) -12 (3) 11(3) -21(3)
Ff33) 119(3) 243(5) 143(4)
-12(3) 11(3)
-21(3)
F(34) 81(3) 280 (7) 175(5) -67(5) 14(3) -58(4)
Ff35) 178 f5) 246(6) 169(5) 58(5) 115(4) 21(5)
Ff36) 188 f5) 77(3) 147(4)
-2(3) -40 f4) 8(3)
3(4) 25(3) 61(4) 49(3) 6(3) 12(2) 6(2)
Ff41) 98(3) 186(5) 148 f4) 67(4) -10(3) -42 (3)
Ff42) 85(3) 245(6) 86(3) -22 f3) 23(2) 0(3)
Ff43) 148(4) 139(5) 191(6) -47(4) -13 f4) 21(4)
Ff44) 71(3) 189(5) 99(3)
-48(3) -7(2) 8(3)
C f101) 121(7) 67(5) 119(7) -1(4) 28(5) 0(4)
Cf102) 108(6) 61(4) 80(5) -7(4) 32(5) -6(4)
Nf103) 121(6) 122(6) 103(6) -3(4) 24(5) -15(5)
C f111) 113 f6) 119 (6) 79 f5) 2(5) 45(5) -4(5)
C(112) 110(7) 114(7) 91(6)
-30(5) 29(5) -3(6)
Nf113) 120(7) 191(9) 198 f10) -65(8) -26(6) -7(7)
Cf121) 88(6) 173(10) 145f9) 10(8) 8(6) 13(6)
Cf122) 58(5) 118(7) 103(6) -24(6) 7(4) 15(5)
N (123) 106(6) 144 f7) 138(7) —29(6) 29(5) 26(5)
Cf131) 54(4) 130 (6) 108(6) 20(5) 17(4) -7(4)
Cf132) 57(4) 59(4) 69(4) 7(3) -1(3) -5(3)
Nf133) 64(3) 89(4) 92(4) 6(3) 1(3) -4(3)
o
XL









































C (10) -C (11)
C(ll)-C(12)








































































































































































































C (66) -C (67)
C(67)
-C (68)




C (73) -C (74)
Cf74) -Cf75)
C(76) -C(83)
C (77) -C (78)
C (78) -C (79)
Cf79) -Cf80)
C (80) -C (81)
C(81)
-C(82)







C (87) -C (92)
C (88) —C (89)
C (89) -C (90)






























































































































C(6) -N f4) -C(7)
Cf8) -N(5) -Cf7)
Cf24) -N(6) -Cf28)
C (24) -N (6) -RU1
C f28) -N(6) -RU1
C(31) -N(7) -C (29)
C (31) -N (7) -RU1
C f29) -N (7) -RU1
C(36) -Nf8)-C f32)
C f36) -N f8) -RU1
C(32) -N(8)-RU1
Cf29)-Nf9)-C (30)
C f31) -N (10) -C (30)
N(1) -C fi) -C(2)
Cf3) -C(2) -Cfl)
Cf2) -C (3) -C f4)
Cf5) -C f4) -C(3)
Cf4) -Cf5)-Nfl)
Cf4) -C f5) -C(6)
Nfl) -C(5) -Cf6)
N(4) -C f6) -N f2)
Nf4) -C(6) -C (5)
Nf2) -C f6) -C f5)
N(5)
-C f7) -N(4)
Nf5) -C(7) -C f14)





Nf3) -C (9) -C f10)
N(3) -C (9) -C(8)
C (10) -C f9) -C (8)
C(11) -C(10) -C(9)
Cf12) -Cfll) -Cf10)
C fil) -C f12) -C(13)
N(3)-Cf13)-Cf12)
C f15) -C f14) -C(23)
C(15) -C(14) -Cf7)
Cf23)-Cf14)-Cf7)
C f14) -C (15) -C (16)
C (17) -C (16) -C (15)
C (16) -C (17) -C (18)






































































C(19) -C(18) -C(23) 118.9(4) C(47) -N(11) -C(51) 117.1 (4)
Cf20)-Cf19)-C(18) 121.6(4) C(47)-N(11)-RU2 128.3(3)
C(19) -C(20) -C(21) 120.2 (4) C(51) -Nf11) -RU2 114.6 (3)
C(22) -C(21) -Cf20) 120.5 (4) C(52) -N(12) -C(54) 118.7 (3)
C(21)-C(22)-C(23) 121.5(4) C(52)-N(12)-RU2 121.0(3)
C(22)-C(23)-C(18) 117.3(4) C(54)-N(12)-RU2 120.1(3)
C(22)-C(23)-C(14) 125.8(4) C(59)-N(13)-Cf55) 117.5(4)
C(18)-C(23)-C(14) 116.9(4) C(59)-N(13)-RU2 128.5(3)
N(6)-C(24)-C(25) 122.4(4) C(55)-N(13)-RU2 114.0(3)
C(24) -C(25) -C(26) 119.2 (4) C (52) -N(14) -C (53) 116.2 (4)
C(27)-C(26)-C(25) 119.1(4) C(54)—N(15)-C(53) 115.9(3)
C(28) -C(27) -C(26) 119.5 (4) Cf70) -N(16) -C(74) 118.3 (4)
N(6)-Ct28) -C(27) 121.1(4) C(70) -N(16) -RU2 127.5(3)
N(6)-C(28)-C(29) 115.4(4) C(74)-N(16)-RU2 114.2(3)
C(27) -C(28) -C(29) 123.5 (4) C(75) -N(17) -C(77) 117.5 (3)
N(9)-Cf29)-Nf7) 123.1(4) C(75)-N(17)-RU2 121.3(3)
N(9) -C(29) -C(28) 125.2 (4) C(77) -N(17) -RU2 121.2 (3)
N(7)-C(29)-C(28) 111.7(3) C(82)-N(18)-C(78) 117.9(4)
N(10)-C(30)-N(9) 124.5(4) C(82)-N(18)-RU2 127.2(3)
N(10)-C(30)-C(37) 118.9(4) C(78)-N(18)-RU2 114.9(3)
N(9) -C(30) -C (37) 116.5 (4) C(75) -N(19) -C(76) 114 .9 (4)
N(10) -C(31) -N(7) 123.0 (4) C (77) -N(20) -C (76) 115.8 (4)
N(10) -C(31) -C(32) 124.8 (4) N(11) -C(47) -C(48) 122.5 (4)
N(7) -C(31) -C(32) 112.2 (3) C(47) -C(48) -C(49) 120.3 (4)
C(33) -C(32) -N(8) 122.8 (4) C(48) -C(49) -C(50) 117.9 (4)
C(33) -C(32) -C(31) 123.2 (4) C(51) -C(50) -C(49) 119.8 (4)
N(8) -C(32) -C(31) 114.0 (4) C(50) -C(51) -N(11) 122.3 (4)
C(32) -C(33) -C(34) 118.8 (4) C(50) -C(51) -C(52) 123.2 (4)
Cf35) -C(34) -C(33) 119.1 (4) N(11) -C(51)
-C(52) 114.5 (4)
C(34)-C(35)-C(36) 120.5(4) N(14)-C(52)-N(12) 122.9(4)
N(8) -C(36) -C(35) 121.8 (4) N(14) -C(52) -C(51) 124.7 (4)
C(38) -Cf37) -C(46) 119.9 (4) N(12) -C(52) -C(51) 112.5 (3)
C (38) -C (37) -C (30) 117.0 (4) N(14) -C (53) -N(15) 124.0 (4)
C(46) -C(37) -C(30) 123.0 (4) N(14) -C(53) -Cf60) 117.4 (4)
C(37) -C(38) -C(39) 120.9 (5) N(15) -C(53) -C(60) 118.6 (4)
C(40) -C(39) -C(38) 120.5 (5) N(15) -C (54) -N(12) 122.2 (4)
C(39) -C(40) -C(41) 120.9 (4) N(15) -C(54) -C(55) 124.5 (4)
C(40) -C(41) -C(42) 122.0 (5) N(12) -C(54) -C(55) 113.3 (4)
C(40) -C(41) -C(46) 120.0 (4) N(13) -C(55)
-C(56) 121.8 (4)
C(42) -C(41) -C(46) 118.0 (5) N(13) -C(55) -C(54) 114.8 (4)
C (43) -C (42) -C (41) 122.6 (5) C(56) -C (55) -C (54) 123 .4 (4)
C(42) -C(43) -C(44) 120.0 (5) C(57) -C(56) -C(55) 119.2(4)
C(45) -C(44) -C(43) 120.4 (6) C(58) -C(57) -C(56) 118.9 (4)
C(44)-C(45)-C(46) 120.9(5) C(57)-C(58)-C(59) 119.6(4)
C(45) -C(46) -C(41) 118.0 (4) N(13) -C(59) -Cf58) 123.0 (4)
C(45)-C(46)-C(37) 124.2(4) C(61)-C(60)-C(69) 118.9(4)
C(41) -C(46) -C(37) 117.8 (4) C(61) -C(60) -C(53) 115.7 (4)
N(17)-RU2-N(12) 178.02(13) C(69)-C(60)-C(53) 125.2(4)
N(17)-RU2-N(18) 77.50(13) C(60)-C(61)-C(62) 122.4(5)
N(12)-RU2-N(18) 100.77(13) C(63)-C(62)-C(61) 119.8(5)
N(17)-RU2-N(13) 101.22(13) C(62)-C(63)-C(64) 120.3(4)
N(12)-RU2-N(13) 77.78(13) C(65)-C(64)-C(63) 119.2(4)
N(18)-RU2-N(13) 91.46(12) C(65)-C(64)-C(69) 120.1(5)
N(17)-RU2-N(11) 103.77(13) C(63)-C(64)-C(69) 120.7(4)
N(12)-RU2-N(11) 77.23(13) C(66)-C(65)-C(64) 120.9(5)
N(18) -RU2-N(11) 93.53 (12) C(65) -C(66) -C(67) 119.4 (5)
N(13)-RU2-N(11) 155.00(12) C(68)-C(67)-C(66) 120.8(5)
N(17) -RU2-N(16) 77.58 (12) C(67) -C(68) -C(69) 121.1 (5)
N(12)-RU2-N(16) 104.16(13) C(68)-C(69)-C(64) 117.5(4)
N(18) -RU2-N(16) 155.07 (12) C(68) -C (69) -C (60) 124.8 (4)
N(13) -RU2--N(16) 93.81 (13) C(64)
-C(69) -Cf60) 117.7 (4)
N(11) -RU2-N(16) 91. 91(12) N(16) -C(70) -C(71) 122.0 (4)
XLIII
C (70) -C (71) -C (72)
Cf73)-Cf72) -Cf71)






Nf19) -C (75) -Nf17)
N (19) -C(75) -C (74)
N (17) -C (75)
-C (74)
N(20) -C (76) -N(19)
N (20) -C (76) -C (83)
N(19) -C (76) -C(83)
N (20) -C(77) -N(17)
N (20) -C (77) -C (78)
N (17) -C (77) -C (78)
N (18) -C (78) -C (79)
N (18) -C (78) -C (77)
C(79) -C(78) -C(77)









C (86) -C (85) -C (84)
C (85) -C (86) -C (87)
C (86) -C (87) -C (88)
C (86) -C(87) -C(92)
C(88) -Cf87)
-C(92)
C(89) -C(88) -C (87)
C (88) -C (89) -C (90)
C (91) -C (90) -C (89)
C(90) -C (91) -C (92)
C (91) -C (92) -C (87)
C(91)
-C(92) -C(83)
C (87) -C (92) -C(83)
F(11) -p (1) -Ff12)
Ff11)
-p fi) -F (15)
Ff12)-? (1) -F(15)
F (11) -P fi) -F f16)



























































Ff14) -P (1) —Ff13)
Ff25)-Pf2)
-Ff24)
Ff25) -P (2) -Ff22)
Ff24) -Pf2) -Ff22)




Ff25) -P (2) -Ff21)
Ff24) -P (2) -Ff21)
Ff22)-Pf2) -Ff21)
Ff23) -? (2) -Ff21)
Ff25) -P f2) -Ff26)
Ff24) -P (2) -Ff26)












F f32) -Ff3) -Ff33)
Ff31) -P f3) -Ff36)
F (34)




Ff33) —P f3) —Ff36)




Ff43) -3 f4) -Ff42)
Ff44)-3f4) -Ff42)
F f41) -3 (4) -Ff42)
N (103) -C f102) -C f101)
N (113) -C (112)-C (111)
N (123) -C f122) -C f121)




























































Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (ah data)
Absolute structure parameter





a = 8.7117(5) Â
b = 25.7595(15) Â










17438 [Rjnt = 0.046)
Semi-empirical f rom equivalents
0.9700 and 0.6900
Fuli-matrix least-squares on F2





0.565 and -0.657 e/Â3
Table 1. Crystal data and structure refinement for 35, chapter III,
part B.














Table 2. Atomic coordinates Cx 10) and equivalent isotropic
dispiacement parameters (Â2 x 10) for 3h, chapter III, part B.
Ueq is defined as one
Uij tensor.
third of the trace 0f the ortliogonalized
X Y S Ueq
Zn(1) 3695(1) 7505(1) 7631 (1) 34(1)
N(1) 2890(5) 6754 (2) 8033 (2) 35(1)
Nf2) 3181 (5) 6999(2) 6899(2) 33(1)
N(3) 4226(5) 7938(2) 6819(2) 31(1)
N(4) 2423 (5) 6175 (2) 6527 (2) 40(1)
N(5) 3135 (5) 6833 (2) 5842 (2) 38(1)
Nf6) 1523 (5) 7941(2) 7715(2) 34(1)
N(7) 4179 (5) 7999(2) 8378 (2) 32(1)
Nf8) 6146(5) 7332(2) 8023(2) 31(1)
N(9) 3414(5) 8677 (2) 8990 (2) 33(1)
Nf10) 5976(5) 8341(2) 9164(2) 34(1)
C(1) 2759(7) 6653(2) 8634(3) 44(2)
C(2) 2194(7) 6188 (2) 8819(3) 46(2)
Cf3) 1708 (7) 5815 (2) 8383 (3) 49(2)
C(4) 1869(7) 5913(2) 7771(3) 45(2)
Cf5) 2462(6) 6374(2) 7618(2) 37(1)
C(6) 2696 (6) 6521(2) 6976 (2) 35(1)
C(7) 2657 (6) 6347 (2) 5962 (3) 37(1)
Cf8) 3419(6) 7141 (2) 6334 (2) 34(1)
C(9) 4016(6) 7670(2) 6276(2) 35(1)
C(10) 4412 (6) 7879 (2) 5738 (2) 40(1)
C(11) 5047(7) 8371 (2) 5746(3) 46(2)
Cf12) 5232(6) 8642(2) 6284(3) 42(1)
C(13) 4806 (6) 8423 (2) 6810 (2) 39(1)
C (14) 2302 (7) 5970 (2) 5447(3) 41(1)
C(15) 1191(7) 5612(2) 5522(3) 51(2)
C(16) 726(8) 5243(3) 5074(3) 64(2)
C(17) 1384(8) 5241(3) 4536(3) 62(2)
Cf18) 2534(7) 5602(3) 4430(3) 49(2)
C(19) 3209(8) 5607 (3) 3867 (3) 58(2)
C(20) 4368 (9) 5944(3) 3772 (3) 61(2)
C(21) 4895(9) 6299(3) 4241(3) 61(2)
C(22) 4248(7) 6323(2) 4785(3) 48(2)
C (23) 3054 (7) 5982 (2) 4895 (3) 41(1)
C(24) 163(6) 7882(2) 7363(2) 36(1)
Cf25) -1139(6) 8168(2) 7456 (3) 43(1)
C (26) -1054 (6) 8517 (2) 7929 (3) 41(1)
C(27) 351(6) 8584 (2) 8301(2) 38(1)
Cf28) 1582 (6) 8291(2) 8180 (2) 31(1)
C(29) 3122 (6) 8335 (2) 8542 (2) 32(1)
C(30) 4880 (6) 8671 (2) 9291 (2) 31(1)
C(31) 5561(6) 8005 (2) 8706 (2) 32(1)
C(32) 6682(6) 7617(2) 8527(2) 31(1)
C(33) 8096(5) 7536(3) 8852(2) 39(1)
C(34) 9047(6) 7157(2) 8655(2) 43(1)
C(35) 8519 (6) 6871(2) 8136 (2) 42(1)
C(36) 7062(6) 6972(2) 7832(2) 36(1)
C(37) 5185 (6) 9064 (2) 9783 (2) 37(1)
C (38) 4284 (7) 9492 (2) 9735 (3) 46(1)
C(39) 4440 (7) 9897 (3) 10168 (3) 52(2)
C(40) 5496 (7) 9841 (2) 10677 (3) 47(2)
o
XLVI
C(41) 6452 (6) 9405 t2) 10761 (2) 40(1)
C(42) 7597(7) 9373(2) 11286(3) 46(2)
Cf43) 8624(7) 8984(2) 11347(3) 47(2)
C(44) 8583(7) 8598(3) 10887(3) 54(2)
C(45) 7465(7) 8604(2) 10392(3) 48(2)
C(46) 6366(6) 9008 (2) 10301(2) 37(1)
Zn(2) 1379 (1) 7537(1) 2638(1) 36(1)
N(11) 2187(5) 8286 (2) 2245 (2) 35(1)
N(12) 1720(5) 8062(2) 3361(2) 34(1)
Nf13) 766(5) 7112(2) 3450(2) 34(1)
N(14) 2408(5) 8888(2) 3739(2) 38(1)
N(15) 1651(5) 8234 (2) 4414 (2) 37(1)
N(16) 3583 (5) 7122 (2) 2601 (2) 38(1)
N(17) 970 (5) 7029 (2) 1909 (2) 34(1)
N(18)
-1052(5) 7686(2) 2222(2) 34(1)
N(19) 1852(5) 6350(2) 1324(2) 42(1)
N(20) -730 (5) 6670 (2) 1099 (2) 38(1)
C(47) 2425 (6) 8389 (2) 1667 (2) 39(1)
C(48) 3013 (7) 8844 (2) 1466 (3) 43(1)
C(49) 3364 (7) 9233 (2) 1906 (3) 47(2)
C(50) 3107(7) 9140 (2) 2509 (2) 44(1)
C(51) 2533 (6) 8673 (2) 2660 (2) 36(1)
C(52) 2225(6) 8545(2) 3295(2) 37(1)
C(53) 2114(6) 8718(2) 4309(2) 40(1)
Cf54) 1416(6) 7916(2) 3933(2) 38(1)
C(55) 840(6) 7387 (2) 3977 (2) 34(1)
C(56) 322 (6) 7194 (2) 4502 (2) 40(1)
C(57) -293 (7) 6699 (2) 4494 (3) 46(2)
C(58) -362 (7) 6414 (2) 3960 (3) 45(2)
C(59) 196 (6) 6630 (2) 3446 (3) 40(1)
C(60) 2394 (6) 9095 (2) 4815 (2) 36(1)
C(61) 3454(7) 9474(2) 4761(3) 48(2)
C(62) 3915(8) 9830(3) 5234(3) 55(2)
C(63) 3239(7) 9806(3) 5765(3) 53(2)
C(64) 2144(7) 9435(2) 5846(3) 40(1)
C(65) 1431(8) 9417(3) 6406(3) 50(2)
C(66) 321(9) 9083 (3) 6477 (3) 62(2)
C(67) -178 (8) 8723 (3) 6015 (3) 58(2)
C(68) 468(7) 8719(3) 5468(3) 49(2)
C(69) 1670 (6) 9065 (2) 5380 (3) 40(1)
C(70) 4902(6) 7198(2) 2972(3) 45(1)
C(71) 6208(7) 6901(3) 2918(3) 51(2)
C(72) 6154 (7) 6519 (3) 2475 (3) 52(2)
C(73) 4807(6) 6436(2) 2096(3) 46(1)
C(74) 3536(6) 6744 (2) 2171 (2) 40(1)
C(75) 2051(7) 6703(2) 1777(3) 39(1)
C(76) 443 (7) 6347 (2) 999(2) 39(1)
C(77) -390(6) 7002 (2) 1563 (2) 36(1)
C(78) -1541 (6) 7385 (2) 1721 (2) 35(1)
C(79) -2981 (6) 7434 (3) 1394 (2) 42(1)
C(80) -3962 (7) 7813 (3) 1581 (3) 53(2)
C(81) -3481(7) 8119 (2) 2091 (3) 47(2)
C(82)
-2020(6) 8040(2) 2391(2) 38(1)
C(83) 189(7) 5950 (2) 508 (3) 46(2)
C(84) 1172(8) 5528(3) 585(3) 60(2)
C(85) 1102(9) 5119(3) 153(4) 75(2)
C(86) -8(9) 5138 (3) -337(3) 68(2)
C(87) -1014 (8) 5557(3) -445(3) 59(2)
C(88) -2088 (10) 5581 (3) -969(3) 73(2)
C(89) -3181 (10) 5969 (3) -1054 (3) 75(2)












Ff14) 3236(6) 7312(2) 765(2) 96(2)
Ff15) 949(5) 7628(2) 411(2) 89(1)
Ff16) 1883 (4) 6957(1)
-65(1) 56(1)
Pf2) 6776 f2) 8298(1) 4078(1) 58(1)
Ff21) 7328 f4) 7780 (2) 3775 (2) 70(1)
Ff22) 8322(4) 8581f2) 3918(2) 74(1)
Ff23) 5923(4) 8473(2) 3409(2) 72f1)
Ff24) 5199(4) 8022 (2) 4206 f2) 68(1)
Ff25) 7600 (4) 8123 f2) 4731 (2) 71(1)
Ff26) 6210(5) 8818(2) 4374(2) 74(1)
P(3) 8078 (2) 6860 f1) 6142(1) 47(1)
Ff31) 8531 f4) 6338 f2) 5819 (2) 63(1)
Ff32) 9625(4) 7138(2) 5979f2) 62(1)
Ff33) 7166(4) 7052(2) 5508(1) 59f1)
Ff34) 6525f4) 6583(2) 6325f2) 60(1)
Ff35) 8984f4) 6664(2) 6785f1) 62(1)
Ff36) 7609 f4) 7377(1) 6477 (2) 60 f1)
P(4) 5678(2) 9788(1) 7873f1) 63(1)
Ff41) 6501 (6) 9487 f2) 7360 (2) 90(1)
Ff42) 6894f7) 9542(2) 8393(2) 133(2)
Ff43) 6795(5) 10260(2) 7823(2) 91(1)
Ff44) 4481 (5) 10059 f2) 7367 (2) 111 (2)
Ff45) 4585(9) 9309f2) 7921(2) 156(3)
Ff46) 4887(6) 10084 f2) 8389 (2) 96(2)
CflOl) 9230fb) 4898f3) 1867(4) 90(3)
C(102) 9365f8) 5416(3) 2084(3) 60(2)
N(103) 9432(7) 5835(2) 2235(3) 66(2)
Cflll) 7155(11) 9710f4) 3388(5) 128f4)
C(112) 8395f11) 9603(5) 3101(5) 125(5)
Nf113) 9421f11) 9569(4) 2806(4) 130(4)
C(121) 7420 (20) 5407 (4) 6583 (6) 219 (9)
Cf122) 6484(16) 5483(4) 7059(5) 113(4)
Nf123) 5801(11) 5538(3) 7454(4) 108(3)
o
XLVIII
Table 3. Hydrogen coordinates (x i0) and isotropic dispiacement
parameters (Â2 x 10g) for C49 3b, chapter III, part B.
X Y Z Ueq
H(1) 3067 6911 8935 52
11(2) 2136 6123 9243 55
H(3) 1272 5498 8502 59
11(4) 1566 5661 7463 54
11(10) 4251 7687 5365 48
11(11) 5352 8517 5381 55
Hf12) 5653 8983 6294 50
H(13) 4923 8619 7181 47
11(15) 720 5614 5892 62
11(16) -44 4995 5141 77
11(17) 1058 4990 4229 74
11(19) 2843 5370 3551 69
11(20) 4811 5940 3396 73
11(21) 5718 6528 4181 73
H(22) 4613 6571 5089 57
11(24) 89 7636 7038 43
11(25)
-2079 8121 7194 51
H(26) -1939 8712 8005 49
11(27) 446 8827 8630 46
H(33) 8422 7737 9209 47
11(34) 10042 7094 8871 51
11(35) 9149 6608 7990 50
H(36) 6709 6777 7474 44
11(38) 3508 9520 9393 56
11(39) 3827 10202 10107 63
11(40) 5585 10105 10982 57
H(42) 7630 9632 11596 56
11(43) 9378 8968 11698 56
11(44) 9340 8331 10922 65
11(45) 7426 8329 10101 58
11(47) 2166 8125 1368 47
11(48) 3174 8893 1048 52
H(49) 3773 9556 1793 57
11(50) 3330 9400 2814 52
11(56) 387 7398 4866 48
11(57) -662 6559 4850 55
11(58) -786 6073 3941 54
11(59) 172 6429 3081 48
11(61) 3904 9499 4388 58
11(62) 4683 10083 5186 66
11(63) 3530 10049 6085 63
11(65) 1766 9652 6730 59
H(66)
-147 9085 6848 75
11(67) -966 8481 6078 70
11(68) 100 8481 5152 59
11(70) 4944 7461 3279 54
H(71) 7135 6961 3184 61
H(72) 7043 6314 2433 63
11(73) 4745 6174 1789 55
11(79)
-3296 7217 1051 50
11(80)
-4959 7862 1360 64
11(81) -4143 8376 2228 56
11(82) -1688 8251 2738 46
XLIX
11(84) 1916 5512 940 72









-3968 6621 -672 90
11(91)
-2095 6647 181 76
H(OA) 9016 4898 1417 135
H(10B) 8382 4725 2044 135
H(10C) 10198 4712 1992 135
H(11A) 6250 9529 3179 192
H(113) 6965 10085 3377 192
H(11C) 7343 9593 3817 192
H(12A) 8115 5113 6686 328
11(123) 8027 5721 6535 328
H(12C) 6760 5334 6197 328
o
LTable 4. Anisotropic parsmeters (Â2 x 10g) for 3b, chapter III, part E.
The anisotropic displacement factor exponent takes the form:
-2 x2 [ h a*2 U11 + . + 2 li k a* li* U12 J
Uli U22 U33 U23 U13 U12
Zn (1) 36(1) 39(1) 27(1) -5(1) 3(1) 0(1)
N(1) 36(3) 32(3) 36(3)
-4(2) 4(2) 2(2)
N(2) 38(3) 33(3) 27(2) -3(2) 1(2) 0(2)
N(3) 36(2) 38(3) 20(2)
-1(2) 4(2) 0(2)
Nf4) 46(3) 42(3) 33(3) -7(2) 6(2) -3(2)
N(5) 42(3) 43(3) 28(2)
-8(2) 0(2) 3(2)
N(6) 32(2) 35(3) 36(3) 0(2) 3(2) 0(2)
N(7) 30(2) 35(3) 30(2) -5(2) 4(2) 0(2)
N(8) 27(2) 43(3) 25(2) -1(2) 4(2) 3(2)
N(9) 39(3) 34(3) 27(2) -3(2) 8(2) 0(2)
Nf10) 37(2) 38(3) 27(2) -5(2) 4(2) 4(2)
C(1) 51(4) 45(4) 33(3) 0(3) 2(3) -1(3)
C(2) 56(4) 50(4) 33(3) 5(3) 11(3) 2(3)
C(3) 59(4) 41(4) 50(4) 5(3) 20(3) 2(3)
C(4) 50(4) 40(4) 47(4) -8(3) 11(3) -1(3)
C(5) 33(3) 39(3) 38(3) -5(3) 0(2) 2(2)
C(6) 29(3) 43(4) 32(3) -4(3) 3(2) 3(2)
C(7) 31(3) 38(3) 41(3) -12 (3) 1(2) -2(2)
C(8) 33(3) 36(3) 34(3) -2(3) 4(2) 3(2)
C(9) 34(3) 38(4) 31(3) -3(2) -3(2) 7(2)
C(10) 46(3) 46(4) 28(3) -1(3) 0(2) 1(3)
C(11) 52(4) 49(4) 36(3) 7(3) 9(3) 5(3)
C (12) 41(3) 41(4) 43(4) 4(3) 6(2) -2(3)
C(13) 42(3) 40(4) 34(3) -4(3) -2(2) 1(3)
Cf14) 42(3) 41(4) 40(3) -12(3) 2(3) 7(3)
C(15) 46(4) 53(4) 54(4) -15 (3) 5(3) -8(3)
C(16) 59(4) 67(5) 65(5) -27 (4) 3(3) -16 (4)
C(17) 64(4) 66(5) 51(4) -32 (4) -11(3) 2(4)
C(18) 51(4) 51(4) 41(4) -14(3) -10(3) 13(3)
C(19) 65(5) 68(5) 36(4) -14 (3) -6(3) 17(4)
C(20) 82(5) 63(5) 36(4) -8(3) 1(3) 19(4)
C(21) 80(5) 55(5) 48(4) -9(3) 13(3) 9(4)
C(22) 56(4) 50(4) 36(3) -8(3) 3(3) 6(3)
C(23) 47(4) 44(4) 29(3) -9(3) -6(2) 9(3)
C(24) 30(3) 42(3) 35(3) 1(2) -1(2) 4(2)
C(25) 26(3) 49(4) 51(4) 6(3) 0(2) 1(2)
C(26) 37(3) 41(3) 46(3) 0(3) 9(2) 6(3)
C(27) 37(3) 41(3) 36(3) -2(2) 8(2) 4(2)
C(28) 35(3) 31(3) 27(3) 0(2) 6(2) 3(2)
C(29) 36(3) 32(3) 29(3) 1(2) 9(2) -1(2)
C(30) 40(3) 25(3) 27(3) 0(2) 5(2) -3(2)
C(31) 37(3) 35(3) 24(3) 4(2) 6(2) 0(2)
Cf32) 36(3) 30(3) 27(3) -3(2) 5(2) 1(2)
C(33) 36(3) 49(3) 32(3) -7(3) 2(2) 4(3)
C(34) 36(3) 52(4) 39(3) -5(3) -1(2) 8(3)
C(35) 42(3) 48(4) 37(3) 2(3) 13(2) 6(3)
C(36) 38(3) 46(4) 25(3) -5(2) 5(2) 9(3)
C(37) 35(3) 38(3) 39(3) -4(2) 8(2) -2(2)
C(38) 51(4) 44(4) 43(3) -13(3) 3(3) 8(3)
C(39) 57(4) 44(4) 53(4) -14 (3) -3(3) 8(3)
o
LI
O Cf40) 52(4) 45(4) 45(3) -16 (3) 7(3) 0(3)C(41) 42(3) 44(3) 34(3) 0(3) 9(2) -4(3)C(42) 53(4) 53(4) 32(3) -4(3) 1(3) -3(3)
C(43) 63(4) 47(4) 29(3) -2(3) -4(3)
-6(3)
C(44) 59(4) 55(4) 43(4) -4(3) -16 (3) 10(3)
C(45) 61(4) 48(4) 34(3)
-3(3) 0(3) 4(3)
C(46) 43(3) 39(3) 30(3) 0(2) 9(2) -3(3)
Zn(2) 34(1) 41(1) 31(1)
-2(1) 2(1) 1(1)
N(11) 32(2) 40(3) 31(3) 1(2) 0(2) 0(2)
N(12) 33(2) 43(3) 26(2) -1(2) 1(2) 1(2)
N(13) 35(3) 34(3) 34(3) 3(2) 6(2) 0(2)
N(14) 45(3) 41(3) 27(2) -2(2) -2(2) 1(2)
N(15) 38(3) 43(3) 28(2) 0(2) 1(2) 3(2)
N(16) 38(3) 41(3) 35(3) 3(2) 1(2) 6(2)
N(17) 33(2) 35(3) 35(2) -3(2) 4(2) 2(2)
N(18) 31(2) 40(3) 29(2) 0(2) 1(2) 5(2)
N(19) 42(3) 43(3) 41(3) -2(2) 10(2) -1(2)
N(20) 42(3) 38(3) 35(3) -3(2) 8(2) -2(2)
C(47) 41(3) 49(4) 27(3) -5(3) 6(2) 8(3)
c(48) 53(4) 44(4) 34(3) 2(3) 7(3) 8(3)
C(49) 55(4) 34(4) 54(4) 10(3) 6(3) -1(3)
C(50) 62(4) 41(4) 27(3) 1(3) 5(3) 1(3)
Ct51) 41(3) 41(3) 27(3) 2(3) 7(2) -1(3)
C(52) 32(3) 43(4) 35(3) 3(3) -2(2) -1(3)
C(53) 37(3) 46(4) 35(3) —1(3) 0(2) 1(3)
C(54) 32(3) 45(4) 36(3) 6(3) 3(2) 6(2)
c(55) 31(3) 35(4) 36(3) -2(2) 1(2) 4(2)
C(56) 45(3) 40(3) 34(3) 6(3) 4(2) 8(3)
C(57) 55(4) 49(4) 33(3) 12(3) 8(3) 10(3)
C(58) 43(4) 39(4) 52(4) 8(3) 2(3) -1(3)
C(59) 38(3) 40(4) 42(4) 1(3) 5(2) 5(3)
C(60) 37(3) 38(3) 31(3) 1(3) -4(2) 1(3)
C(61) 54(4) 47(4) 45(4) -5(3) 12(3) -7(3)
c(62) 61(4) 54(4) 51(4) -11(3) 10(3) -16(3)
C(63) 61(4) 52(4) 46(4) -14(3) 11(3) -13(3)
C(64) 49(4) 36(3) 33(3) 1(3) 0(2) 0(3)
C(65) 73(4) 48(4) 27(3) -8(3) 1(3) 3(3)
C(66) 98(6) 58(5) 33(3) -3(3) 16(3) -10 (4)
C(67) 77(5) 56(4) 44(4) -2(3) 20(3) -25(4)
C(68) 60(4) 47(4) 38(4) -5(3) -2(3) -5(3)
C(69) 43(3) 40(4) 35(3) 0(3) -3(2) 1(3)
C(70) 35(3) 57(4) 42(3) 3(3) 2(2) 2(3)
C(71) 36(3) 58(4) 58(4) 9(3) 1(3) 4(3)
C(72) 40(4) 56(4) 61(4) 10(3) 8(3) 9(3)
C(73) 41(3) 39(3) 58(4) -2(3) 10(3) 6(3)
C(74) 43(3) 42(3) 36(3) 6(3) 7(2) -2(3)
C(75) 46(3) 37(3) 36(3) —1(3) 10(3) 3(3)
C(76) 51(4) 33(3) 34(3) -6(2) 9(2) -6(3)
C(77) 43(3) 36(3) 30(3) 0(2) 3(2)
-4(2)
C(78) 31(3) 41(4) 35(3) 0(2) 8(2) 0(2)
C(79) 40(3) 52(4) 34(3) -6(3) 0(2) -1(3)
C(80) 34(3) 74(5) 48(4) -5(3) -6(3) 8(3)
C(81) 43(3) 61(4) 37(3) 1(3) 8(3) 14(3)
C(82) 32(3) 48(4) 34(3) -1(3) 4(2) 6(3)
C(83) 55(4) 42(4) 45(4) -11(3) 18(3) -4(3)
C(84) 68(5) 58(4) 59(4) -19(3) 23(3) 2(4)
c(85) 79(5) 73(5) 76(5) -28(4) 27(4) -2(4)
c(86) 69(5) 70(5) 70(5) -33 (4) 27(4) -23 (4)
Cf87) 68(5) 65(5) 46(4) -16(3) 20(3) -18(4)
C(88) 93(6) 92(6) 40(4) -21(4) 26(4) -51(5)
C(89) 93(6) 77(6) 53(5) 9(4) -1(4) -31 (5)
C(90) 106(6) 68(5) 48(4) 3(4) -7(4) -17(5)
LII
O C(91) 87 (5) 62(5) 37(4) -3(3) -10 (3) -8(4)C(92) 56(4) 65(5) 39(4) -19(3) 12(3) -20(3)P f1) 57(1) 48(1) 27(1) -1(1) 4(1) -12(1)
Ff11) 88(3) 56(2) 39(2) -1(2) 5(2) -23 (2)
Ff12) 120(3) 69(3) 52(2) 16(2) -27(2) -40(2)
Ft13) 64(3) 107(4) 110(3)
-43(3) 36(2) -21(3)
Ff14) 150(4) 73(3) 52(2) 21(2) -41(2) -38(3)
Ff15) 91(3) 86(4) 101(3) -29(3) 52(2) -21(3)
Ff16) 76(2) 54(2) 37(2) -5(2) 6(2) -23 (2)
P (2) 46(1) 85(1) 41(1) -5(1) -1(1) 6(1)
Ff21) 61(2) 87(3) 60(2) -12 (2) 0(2) 18(2)
Ff22) 49(2) 106 f3) 68(3)
-4(2) 4(2) -3(2)
Ff23) 55(2) 113(3) 44(2) -1(2) -6(2) 24(2)
F f24) 51(2) 101 (3) 52(2) -6(2) 6(2) -5(2)
Ff25) 59(2) 109(3) 41(2) 8(2) -10(2) -1(2)
F(26) 77(3) 88(3) 57(2) -15 (2) 14(2) 11(2)
P (3) 41(1) 64(1) 36(1) -7(1) 0(1) 4(1)
Ff31) 79(3) 61(2) 49(2) -6(2) 15(2) 16(2)
Ff32) 47(2) 87(3) 51(2) -3(2) 9(2) -9(2)
Ff33) 58(2) 74(3) 40(2) -1(2) -8(2) 3(2)
Ff34) 50(2) 83(3) 47(2) -4(2) 8(2) -6(2)
Ff35) 52(2) 99(3) 34(2) 0(2) 0(2) 17(2)
Ff36) 51(2) 68(3) 58(2) -21 f2) -4(2) 9(2)
Pf4) 92(1) 51(1) 49(1) -2(1) 17(1) -3(1)
Ff41) 136 f4) 65(3) 78(3) -19 (2) 51(3) -11 (3)
F(42) 185(6) 127(5) 83(3) 17(3) 0(3) 79(4)
Ff43) 92(3) 76(3) 106(3) -18(3) 19(3) -20(3)
Ff44) 99(4) 161(5) 67(3) -2(3) -13(2) -13(3)
Ff45) 285(8) 81(4) 128 (4) -50 f3) 130(5) -91(4)
F(46) 134 (4) 96(4) 63(3) -16 (2) 30(3) 15(3)
C(101) 118 f7) 46(5) 110(7) -13 f5) 35(5) -1(5)
C(102) 74(5) 55(5) 56(4) -9(4) 19(3) 7(4)
N(103) 73(4) 62(4) 65(4) -12(3) 19(3) 6(3)
C f111) 105 (8) 114 (9) 159(11) -47 (7) -14 (7) 27(7)
C (112) 69(7) 181(12) 114 (8) -88(8) -29(6) 38(7)
N(113) 138(8) 176(10) 73(6) -5(6) -7(5) 49(7)
C(121) 460 (30) 61(7) 176 (13) -4(7) 195 (16) 8(11)
Cf122) 196(12) 62(6) 88(7) -7(5) 49(8) 17(6)
Nf123) 140(8) 98(6) 90(6) -8(5) 27(5) 20(5)
Q
LIII












































C (14) -C (23)
C(15)-c(16)
C(16) -C(17)























































































C (42) -C (43)
C(43) -C(44)
C(44) -C(45)












































































































C (67) -C (68)
C (68) -C (69)















C (86) —C (87)
C (87) —C(88)
C(87) -C (92)
C (88) —C (89)
C (89) -C (90)
Cf90) -Cf91)
Cf91)-C(92)
P (1) -F (15)
P (1) -Ff14)
























C f101) -C f102)
C (102)
-Nf103)

















































































Cf5) -Nfl) -C fi)
Cf5)-Nfl)-ZN1
Cfl) -N fi) -ZN1
Cf6) -Nf2) -C f8)
Cf6) -N(2) -ZN1
Cf8) -Nf2)-ZN1
C(13) -N (3) -C (9)
C (13) -Nf3) -ZN1
Cf9) -N (3) -ZN1




C (28) -N(6) -ZN1
C (31) -N f7) -C (29)
C (31) -N (7) -ZN1
C (29) -Nf7)-ZN1
Cf36) -Nf8) -C (32)
Cf36)-Nf8) -ZN1
C(32) -N (8) -ZN1
C f29) -N (9) -C (30)
C (30) -N f10) -C f31)
Nfl) -C fi) -Cf2)
Cfl) -C f2) -C f3)
Cf2) -C (3) -C (4)
C(5) -C(4) -Cf3)
Cf4) -CfS)-Nfi)
Cf4) -C f5) -C(6)
Nfl) -C (5) -C (6)
Nf2) -Cf6) -Nf4)
Nf2) -C (6) -C f5)
Nf4) -C (6) -Cf5)
Nf4) -C (7) -N (5)
Nf4) -C f7) -C f14)
Nf5) -C f7) -C (14)
Nf2) -C (8) -N (5)
Nf2) -C (8) -C (9)
Nf5) -C f8) -C f9)
N (3) -C f9) -C f10)
Nf3) -C f9) -C (8)
C f10) -C f9) -C (8)
C f9) -C (10) -C fil)
Cf12)
-Cfli) -CflO)
C fil) -C f12) -C (13)
Nf3) -C f13) -C f12)
C fis) -C (14) -C f23)
C f15) -C f14) -C f7)
Cf23)-C f14) -C (7)
C (14) -C fis) -C (16)
C f17) -C (16) -C f15)
Cf16) -Cf17)
-Cf18)
C (17) -C f18) -C (19)
C f17) -C (18) -C (23)



































































C(19) -C (20) -C(21)
C(22) -C(21) -C (20)
C(21) -C(22) -C(23)
C(22) -C (23) -C (14)
C(22) -C(23) -C(18)
C(14)-C(23) -C(18)
N(6) -C(24) -C (25)
C(26) -C(25) -C(24)
C (25) -C (26) -C (27)









N (10) -C (30) -C (37)
N(9)-C(30) -C(37)
N(7) -C(31) -Nf10)
N(7) —C (31) —C (32)




C (33) -C (32) -C (31)
C(32) -C(33) -C (34)
Cf33) -C(34) -C(35)
C (34) -C (35) -C (36)
N(8) -C (36) -C (35)
C(38) -C (37) -C(46)
C(38) -C(37) -C (30)
C(46) -C(37) -C(30)
C(37) -C(38) -C(39)
C (40) -C (39) -C (38)
C (39) -C (40) -C (41)
C(40) -C(41) -C(46)
C (40) -C (41) -C (42)
C(46) -C(41) -C(42)




C (45) -C (46) -C (41)
C (45) -C (46) -C (37)

































114 . 5 (4)
123.9(5)
121.2 (5)





















































C(70) -N (16) -C(74)
C(70)-N(16) -ZN2








C (77) -N (20) -C (76)
N (11) -C (47) -C (48)
C(47) -C(48) -C(49)
C(50) -C(49) -C(48)
C (51) -C(50) -Cf49)
N(11) -C (51) -C (50)
N (11) -C(51) -C(52)
C(50) -C(51) -C(52)
N(14) -C(52) -N(12)










C (56) -C (55) -C (54)
C (55) -C (56) -C (57)
C (58) -C (57) -C (56)
C (57) -C (58) -C (59)
N(13) -C(59) -C(58)
C (61) -C (60) -C (69)
C (61) -C (60) -C (53)
C(69) -C(60) -C(53)
C(60) -C(61) -C (62)
C(63) -C(62) -C (61)
C(62) -C(63) -C(64)




C (65) -C (66) -C (67)
C (68) -C (67) -C(66)
C (67) -C(68) -C (69)
C(68) -C(69) -C(64)
C (68) -C (69) —C (60)
C (64) -C (69) -C (60)
N(16)-C(70) -C(71)
C(72) -C(71) -C(70)


































































C (72) -C(73) -C(74)
Nf16) -Ct74) -C(73)
N(16) -C (74) -C (75)
C(73) -C(74) -C(75)
N (17) -C(75) -N(19)
Nf17) -C(75) -C(74)
N(19) -C (75) -C (74)
N(19) -C (76) -N(20)
N (19) -C (76) -C(83)
N (20) -C(76) -C(83)
N (17) -C (77) -N (20)
N(17) -C (77) -C(78)
N (20) -C (77) -C (78)
N(18) -C (78) -C(79)
N (18) -C (78) -C (77)
C (79) -C (78) -C(77)
C (78) -C (79) -C (80)
C (81) -C (80) -C (79)
C (82) -C (81) -C (80)
N (18) -C (82) -C(81)
C(84)-C(83)
-Cf92)
C (84) -C(83) -C (76)
C(92) -C (83) -C(76)
C(83) -C(84) -C(85)
C (86) -C (85) -C (84)
C (85) -C (86) -C (87)
C (86) -C(87) -C (88)
C(86) -C(87) -C (92)
C(88) -C(87) -C (92)
C (89) -C (88) -C (87)
C (88) -C (89) -C (90)
C (89) -C (90) -C (91)
C(90) -C (91) -C (92)















F (15) -P (1) -Ff11)
Ff14) -P fi) -F (11)
F (16) -P fi) -Ff11)



















































F(12) -P fi) -Ff11)
F (25) -P (2) -Ff21)
Ff25)-Pf2)-F(26)
Ff21) -P(2)-F (26)
Ff25) -P (2) -F (24)
Ff21) -P (2) -Ff24)
Ff26)-Pf2)-Ff24)
Ff25) -P (2) -Ff22)
Ff21) -P (2) -F (22)
Ff26) -P(2) -Ff22)
Ff24)-Pf2)-Ff22)














Ff33) -P f3) -Ff35)
Ff36) -P (3) -Ff35)
Ff32) -P (3) —Ff35)
Ff31) -Pf3)-Ff34)
Ff33) -P f3) -Ff34)
Ff36) -Pf3)-Ff34)




Ff43) -P (4) -Ff46)
Ff45) -P (4)-F (42)
Ff43)-Pf4)—Ff42)
Ff46) -P (4) -Ff42)
Ff45) -P (4) -Ff44)
Ff43) -P f4) -F (44)
Ff46)-Pf4) -Ff44)
Ff42)-Pf4)-Ff44)
F f45) -P f4) -Ff41)
Ff43) -Pf4)-Ff41)
Ff46) -Pf4)-F (41)
Ff42) -P (4) -Ff41)
Ff44) -P (4) -Ff41)
Nf103) -C (102) -C f101)
N(113) -C (112) -C (111)






























































Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (ail data)






a = 14.7120(2) Â
b = 16.1234(2) Â











Semi-empirical f rom equivalents
0.5800 and 0.4100
Full-matrix least-squares on F2
4705 / O / 354
0.955
R1 = 0.0489, wR2 = 0.1222
R1 = 0.0833, wR2 = 0.1329
1.714 and -0.573 e/Â3
Appendix 6: Supplementary information for chapter IV.
Table 1. Crystal data and structure refinement for la, chapter IV.
Identification code gary47














Table 2. Atomic coordinates (X iO) and equivalent isotropic
displacement parameters (À2 X 10g) for la, chapter IV.
Ueq is defined as one
Uij tensor.
third of the trace of the orthogonalized












































































































































































































Table 3. Hydrogen coordinates (X iO) and
parameters (Â2 x 10) for la, chapter IV.
isotropic dispiacement
X Y Z Ueq
H(1) 10294 4355 3628 37
H(2) 9355 5289 3992 42
H(3) 7743 5376 3447 42
H(4) 7105 4525 2526 36
H(10) 8825 1191 573 37
H(il) 10233 507 591 40
H(12) 11601 822 1419 43
H(13) 11561 1821 2212 33
H(15) 5409 3600 994 40
H(16) 3911 3357 295 41
H(18) 4851 1249 -356 39
Hf19) 6363 1492 330 38
11f21A) 5538 2387 3281 82
H(21B) 6289 1788 3761 82




Table 4. Anisotropic parameters (Â2 x i0) for la, chapter IV.
The anisotropic displacement factor exponeni: takes the form:
-2 2 [ h2 a*2 U11 + . . . + 2 h k a* b* U12





































































































































































































































































































































P (2) -F (25)
Pf3)-Ff32)
P(3)-Ff32)#2














































































Cfl) -N fi) -Cf5)
Cfl)-Nfl) -RH1
Cf5) -N(1) -RH1








N(1) -C(1) -C (2)
Cfl) -C(2) -C(3)
Cf2) -C(3) -C (4)
Cf5) -Cf4) -C f3)
Nfl) -Cf5) -C (4)
N(1) -Cf5) -C (6)
Cf4) -C(5) -C (6)
Nf4) -C(6) -N(2)
Nf4) -C(6) -C (5)
Nf2) -C(6) -C (5)
Nf5) -C (7) -Nf4)
Nf5) -Cf7) -C (14)
N(4) -C(7) -C(14)
Nf5) -C(8) -N f2)
NfS) -C (8) -C f9)
N(2) -C (8) -C (9)
N(3) -Cf9) -C(10)
N(3) -C(9) -C(8)
C (10) -C(9) -C (8)
C f9) -C(10) -C (11)
C (12) -C fil) -C (10)
C (11) -C(12) -C (13)
N(3) -Cf13)-Cf12)
C f15) -C (14) -C (19)
C (15) -C(14) -C (7)
C (19) -C (14) -C(7)
C(16) -C (15) -C(14)
C(15) -C(16) —C (17)
C (18) -C(17) -C f16)
C fis) -C (17) -BR1
C f16) -C (17) -BR1
C (17) -C (18) -C (19)




F (22) -P (2) -F (24)
Ff23) -P f2) -F (24)
F f21) -P (2) -Ff24)
































































Ff21) -P (2) -Ff25)
Ff24)-Pf2)-Ff25)
F(26)-Pf2)-Ff25)
Ff32) -P f3) -Ff32)#2
F f32) -P (3) -Ff31) 4*2





























F (32) -P f3) —Ff33)
F f32) #2-P (3) -F f33)




F (32)4*2-P (3) -Ff33)#2
F f31) 42-P (3) -Ff33) 4*2
F f31) -P (3) -Ff33) 4*2

























Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigmafl)J
R indices (all data)
Largest diff. peak and hole
gary49






a = 12.1567(9) Â
b 13.2319(8) Â











Semi-empirical f rom equivalents
0.5800 and 0.3200
Full-matrix least-squares on F2
8972 / O / 670
1.116
R1 = 0.0572, wR2 = 0.1653
R1 = 0.0653, wR2 = 0.1997
2.350 and -1.970 e/Â3
= 88.563(4)°
= 85.257 f5)°
y = 84.843 f5)°
LXIV
Table 2. Atomic coordinates (x 10) and equivalent isotropic
dispiacement parameters (À2 x io) for lb, Chapter IV.
Ueq is defined as one third of the trace of the orthogonalized
Uij tensor.
X Y Z Ueq
Rhfl) 1918(1) 2221 (1) 2615(1) 15(1)
Nf1) 1510(4) 3605 (3) 3226 (3) 18(1)
N(2) 2265 (3) 1869(3) 3857(3) 15(1)
N(3) 2517(4) 710(3) 2486(3) 18(1)
Nf4) 2461(4) 2434(3) 5294(3) 20(1)
N(5) 3050 (4) 707(3) 4873 f3) 19(1)
Nf6) 310(4) 1876(3) 2625(3) 23(1)
Nf7) 1578(4) 2668(3) 1383(3) 18(1)
NfS) 3444 (4) 2661 (3) 2147 (3) 23(1)
Cfl) 1168(4) 4494(4) 2844(3) 20(1)
Cf2) 991(5) 5377(4) 3338(4) 24(1)
C(3) 1145(5) 5346(4) 4254(4) 22(1)
C(4) 1507(4) 4423(4) 4656(3) 20(1)
Ct5) 1693 (4) 3581(4) 4127 (3) 19(1)
Cf6) 2140 (4) 2592 (4) 4475(3) 17(1)
Cf7) 2895(4) 1479(4) 5470(3) 19(1)
C(8) 2723(4) 941(4) 4064(3) 16(1)
Cf9) 2870 (4) 272(4) 3273 f3) 17(1)
C(10) 3320 (4) -714 (4) 3307 (3) 20(1)
C(11) 3405 (5) -1292 (4) 2528 f4) 25(1)
C(12) 3029(5) -846(4) 1742(4) 25(1)
Cf13) 2589(4) 153(4) 1743(3) 18(1)
C (14) 3200 (4) 1277 (4) 6403 (3) 20(1)
C(15) 2900 (5) 2006 (4) 7054 (4) 29(1)
C(16) 3186(6) 1842(5) 7932(4) 34(1)
C(17) 3776(4) 937(5) 8145(3) 24(1)
C(18) 4099 (5) 209 (4) 7506 (4) 26(1)
C f19) 3808(5) 369(4) 6625 f4) 23(1)
C(20)
-268(5) 1360 (4) 3277 f3) 22(1)
C(21) -1326(4) 1112(4) 3163(4) 22(1)
C(22) -1812(5) 1385(4) 2379(4) 28(1)
C (23) -1225 (5) 1916 (4) 1700 (4) 29(1)
Cf24) -156 (4) 2159(4) 1842 (3) 20(1)
Cf25) 539(5) 2666 (4) 1167 (3) 21(1)
C(26) 246 (5) 3142 (4) 360 (3) 25(1)
C (27) 1063 (6) 3582 (4) -198 (3) 29(1)
Cf28) 2141(5) 3553 (4) 43(3) 25(1)
C(29) 2392 f5) 3091(4) 858(3) 21(1)
C(30) 3466 (5) 3033 (4) 1275 (3) 23(1)
Cf31) 4446 (5) 3326(4) 856(4) 27(1)
C(32) 5400 (5) 3257 (5) 1318 (4) 32(1)
C(33) 5347 (5) 2897 (5) 2199 f4) 29(1)
C(34) 4335 (5) 2587 (4) 2599 f3) 25(1)
Br(1) 4180(1) 712(1) 9348(1) 41(1)
Pt1) 2725(1) 6253(1) 1018(1) 24(1)
Ff11) 2156 (3) 6942 (3) 1819 (2) 38(1)
Ff12) 3072(3) 5383(3) 1737(2) 37(1)
Ff13) 1581(3) 5764(3) 938(2) 36(1)Q Ff14) 2378(3) 7125(3) 290(2) 38(1)Ff15) 3869(3) 6756(3) 1094(3) 38(1)
o
LXV
Q F(16) 3309(4) 5552(3) 221(2) 44(1)P(2) 493(1) 8387 f1) 4089(1) 21(1)
Ff21) 727(3) 9206(2) 3292 (2) 25(1)
F(22)
-558(3) 9106(2) 4498(2) 28(1)
Ff23)
-288(3) 7846 f3) 3473 (2) 33(1)
Ff24) 1530(3) 7654 f2) 3693 f2) 26(1)
Ff25) 1286 f3) 8922 (2) 4709 (2) 27(1)
Ff26) 247(3) 7569(2) 4898f2) 27(1)
Pf3) 8026 f1) 4848(1) 2527(1) 28(1)
Ff31) 8798 f4) 4149 (4) 3164 (3) 57(1)
Ff32) 8737(5) 5792(4) 2624(5) 80(2)
Ff33) 8845(5) 4521(4) 1703(4) 86(2)
Ff34) 7305 (5) 3940 f4) 2463 f4) 80(2)
Ff35) 7258f5) 5232(5) 3399(3) 73(2)
Ff36) 7251(3) 5558(3) 1912(2) 41(1)
C(41) 4734 (8) 5932 (6) 3258(6) 56(2)
C f42) 4458 f6) 5002 (6) 3735 (5) 41(2)
N(43) 4225(6) 4277(5) 4102(5) 51(2)
C(51) 9890 f7) 8833 (7) 1435(5) 52(2)
Cf52) 9249f6) 9118(5) 674(4) 34(1)
N(53) 8751(6) 9334(5) 73(4) 48(2)
C(61) 6894 (6) 3142 (5) 4663 (5) 38(1)
C f62) 6074 (6) 2420 (5) 4586 (4) 35(1)
Nf63) 5430(6) 1840(4) 4524(5) 47(2)
o
LXVI
Table 3. Hydrogen coordinates (x iO) and isotropic dispiacement
parameters (À2 x i0) for lb, Chapter Iv.
X Y Z Ueg
14(1) 1043 4520 2221 23
H(2) 765 6002 3051 28
14(3) 1007 5943 4602 27
14(4) 1622 4380 5281 24
H(l0) 3571 -1001 3854 24
14(11) 3714
-1978 2535 29
14(12) 3074 -1228 1205 29
H(13) 2333 452 1202 22
H(15) 2494 2624 6896 34
H(16) 2981 2341 8379 41
14(18) 4519 -399 7667 32
14(19) 4018 -131 6180 28
14(20) 61 1166 3821 27
14(21) -1719 751 3628 26
14(22) -2540 1214 2298 33
14(23) -1545 2109 1153 34
14(26) -494 3165 193 30
14(27) 875 3906 -749 35
H(28) 2697 3843 -342 30
H(31) 4469 3575 250 32
14(32) 6077 3456 1032 39
14(33) 5984 2857 2533 35
H(34) 4297 2322 3200 30
H(41A) 5235 5763 2721 85
14(413) 5097 6352 3657 85
H(41C) 4054 6307 3073 85
H(51A) 9438 8469 1890 78
H(51B) 10117 9444 1701 78
H(51C) 10550 8392 1230 78
H(61A) 7502 3014 4193 57
H(613) 7185 3065 5259 57




Table 4. Anisotropic parameters (Â2 x i0) for lb, chapter IV.
The anisotropic displacement factor exponent takes the form:
-2 x2 [ h a*2 u11 + . + 2 h k a* b* U12 J
Uli U22 U33 U23 U13 U12
Rh(1) 23(1) 15(1) 7(1) 0(1)
-3(1) 0(1)
Nfl) 28(2) 18(2) 8(2) 0(2) -4(2) 3(2)
N(2) 13(2) 18(2) 15(2) 2(2) 0(2) -7(2)
N(3) 26(2) 17(2) 11(2) -1(2)
-3(2) 2(2)
N(4) 29(2) 18(2) 13(2) 1(2) -5(2) 0(2)
N (5) 20(2) 20(2) 15(2) 1(2) -2(2) 0(2)
Nf6) 38(3) 18(2) 11(2) -6(2) -11 (2) 11(2)
N(7) 20(2) 18(2) 14(2) 1(2) 1(2) -3(2)
N(8) 40 (3) 18(2) 9(2) 0(2) -3(2) 5(2)
C(1) 24(3) 17(2) 17(2) 6(2) -5(2) -3(2)
C(2) 32(3) 18(2) 21(3) 3(2)
-7(2) 2(2)
Cf3) 30(3) 17(2) 19(2) -3(2) -2(2) 1(2)
C(4) 23(3) 22(2) 15(2) -1(2) -1(2) -3(2)
C(5) 22(3) 21(2) 12(2) 3(2) -1(2) 1(2)
Cf6) 21(2) 21(2) 10(2) 2(2) 0(2) 0(2)
Cf7) 23(3) 19(2) 15(2) 0(2) -5(2) -1(2)
C(8) 16(2) 19(2) 14(2) -2(2) -2(2) -2(2)
Cf9) 18(2) 22(2) 12(2) -1(2) -4(2) -1(2)
C(10) 25(3) 20(2) 15(2) 1(2) -5(2) -3(2)
C(11) 33(3) 19(2) 22(3)
-1(2) -4(2) 0(2)
C f12) 35(3) 22(2) 17(2) -6(2) -2(2) -2(2)
C (13) 16(2) 24(2) 16(2) -2(2) -2(2) -7(2)
Cf14) 22(3) 24(2) 15(2) 2(2)
-7(2) -3(2)
C (15) 33(3) 30(3) 22(3) 1(2) -7(2) 2(2)
C(16) 46(4) 41(3) 13(3) -3(2)
-10(2) 9(3)
Cf17) 17(2) 44(3) 13(2) 11(2) -5(2)
-7(2)
C(18) 30(3) 26(3) 24(3) 9(2) -10(2) -3(2)
Cf19) 25(3) 23(3) 22(3) 4(2)
-3(2) -6(2)
Cf20) 39(3) 17(2) 8(2) -2(2) -2(2) 7(2)
C (21) 17(2) 26(3) 25(3) 2(2) 1(2) -14 (2)
Cf22) 23(3) 33(3) 29(3) 3(2)
-5(2) -9(2)
Cf23) 36(3) 30(3) 21(3) 1(2)
-16(2) 3(2)
C(24) 27(3) 21(2) 11(2) 0(2)
-6(2) 3(2)
Cf25) 30(3) 19(2) 13(2) -5(2)
-5(2) 2(2)
C(26) 36(3) 25(3) 15(2) 0(2) -10 (2) 1(2)
C(27) 55(4) 25(3) 8(2) 4(2) -13 (2) 1(2)
C(28) 42(3) 22(2) 12(2) 0(2) -2(2) -3(2)
C (29) 35(3) 18(2) 9(2) -2(2)
-1(2) -2(2)
Cf30) 37(3) 15(2) 15(2) -1(2) 1(2) 1(2)
Cf31) 32(3) 29(3) 18(3) 2(2) 4(2) -10 (2)
C(32) 32(3) 33(3) 32(3) 2(2) 1(2) -7(2)
C (33) 22(3) 35(3) 30(3) 3(2)
-2(2) -6(2)
C(34) 36(3) 24(3) 15(2) 0(2)
-5(2) 5(2)
Br (1) 39(1) 69(1) 13(1) 8(1)
-9(1) 10(1)
P f1) 35(1) 23(1) 15(1) -1(1)
-2(1) -4(1)
Ff11) 50(2) 33(2) 29(2) -9(1) 10(2) -9(2)
Ff12) 39(2) 38(2) 32(2) 12(2) -3(2) -2(2)
Ff13) 39(2) 40(2) 33(2) 8(2) -10(2) —17(2)
Ff14) 53(2) 33(2) 30(2) 11(1) -9(2) -5(2)
Ff15) 38(2) 40(2) 37(2) 0(2) -1(2) -10(2)
o
LXVIII
Ff16) 73(3) 30(2) 27(2)
-7(1) 12(2)
-7(2)
Ff2) 30 f1) 17(1) 14(1) -1 (1)
-3(1) 0(1)
Ff21) 31 (2) 24 (2) 21 (2) 6(1) -6(1)
-3(1)
F (22) 30 f2) 21 f2) 34 f2) -1 f1) 1 (1) -2(1)
Ff23) 45 f2) 33 (2) 23 (2) -4(1) -9(1) -9 f2)
Ff24) 38(2) 22f2) 18(2)
-2(1) 1(1) 2(1)
Ff25) 40 f2) 27 f2) 15 f1) -5 f1) -6(1) -3 f1)
Ff26) 39 f2) 22 f2) 18 f2) 1 f1) 2 f1) -1 (1)
P (3) 30(1) 29(1) 23 f1) 2 f1) -2(1) -4 f1)
Ff31) 38 f2) 59 f3) 70 (3) 29 f2) -6 (2) 4 f2)
Ff32) 58(3) 45(3) 146f6) 8(3) -44(3)
-16(2)
Ff33) 116(5) 69(3) 55(3) 21(3) 45(3) 40(3)
Ff34) 94 (4) 64 f3) 95 (4) 20 (3) -52(4) -41(3)
Ff35) 90 (4) 95 (4) 25 f2) 5 f2) -1 f2) 38 f3)
Ff36) 47 (2) 54 f2) 21 f2) 9 f2) -6 f2) 1 f2)
C (41) 60 f5) 45 f4) 61 (5) 12 f4) 3 f4) 4 f4)
Cf42) 38(4) 44f4) 40(4)
-6f3)
-5(3) 13(3)
Nf43) 47(4) 42(3) 58(4) 3(3) 11(3) 9(3)
Cf51) 60 (5) 71 f5) 27 f3) 5 (3) -22 f3) -1 f4)
C(52) 40(3) 39(3) 25(3) -4(2) -11(3) 0(3)
Nf53) 59 f4) 57 (4) 31 f3) 5 f3) -19 f3) -4 f3)
C (61) 41 f4) 36 f3) 37 f3) 6 f3) -7 (3) -5 f3)
C(62) 51(4) 31(3) 22(3)
-1(2) -13(3) 9(3)





































C (8) -c (9)
Cf9) -C(10)





















































































P (1) -F (12)
P(1) -Ff15)














































Cf8) -51(5) -C (7)
C f20) -N (6) -c(24)
Cf20)-Nf6) -RH1
C(24) -N(6)-RH1




















































































C (10) -c (9) -C (8)
N(3) -C(9) -C(8)
C(9) -C (10) -C (11)
0(12) -0(11) -C (10)
C(13) -C (12) -C fil)
N(3)-Cf13)-C(12)
0(15) -C(14) -C (19)
Cf15)-Cf14) -C(7)





















N(7) -C (29) -0(28)
Nf7)-C f29) -0(30)
C(28) -C(29) -C (30)
Nf8) —0(30)—C (31)
NfB) -C (30) -0(29)
0(31)-C (30) -C (29)










































































































0(33) -C (32) -C(31)
C (32) -0(33)-C (34)
Nf8) -C f34) -0(33)
Ff11) -P fi) -Ff13)
F (11) -P (1) -Ff16)
Ff13)-Pfl)
-Ff16)
Ff11) -P fi) -Ff12)
Ff13)-Pfl) -Ff12)











Ff23) -P(2) -F (24)
F (23) -P (2) -Ff25)
Ff24) -Pf2) -Ff25)
F (23) -P (2) -Ff22)




Ff24) -P (2) -Ff21)
Ff25) -P (2) -Ff21)
Ff22) -P f2) -Ff21)
Ff23)-Pf2)-Ff26)
Ff24) -P (2) -F(26)
Ff25) -Pf2)-Ff26)
Ff22) -P (2) -Ff26)
Ff21) -P (2) -F(26)
Ff33) -P (3) -Ff34)
Ff33)—Pf3) -Ff36)
F (34) -P (3) -F f36)
F (33) -P f3) -Ff35)
Ff34)-? (3) -Ff35)
Ff36) -P (3) -Ff35)
Ff33)
-P(3) -Ff32)
F (34) —P f3) —F (32)
F(36) -P (3) -Ff32)
Ff35) —P (3) -Ff32)
Ff33)-Pf3)-F(31)
Ff34) -P (3) -Ff31)
Ff36) —P (3) -Ff31)
Ff35) -P (3) -Ff31)
Ff32) -? (3) -Ff31)
Nf43) -0(42) -0(41)
Nf53) -C f52) -0(51)











r4ax. and min. transmission
Refinement metliod
Data / restraints / pararneters
Goodness-of-fit on F2
Final R indices fI>2sigmafl)]
R indices (ail data)








Semi-empirical f rom equivaients
0.5500 and 0.2200
Fuli-matrix least-squares on F2
11267 / o / 626
0. 969
R1 = 0.0773, wR2 = 0.1815
R1 0.1805, wR2 = 0.2336
0.877 and -2.567 e/Â3
G Table 1. Crystal data and structure refinement for ic, chapter IV.
Identification code OGsrvil4






Unit cell dimensions a = 31.5411(17) Â
b = 11.5912(6) Â
C = 22.2823 f12) Â
8101.3 f7)Â3
Œ = 90°
3 = 96.0320 f10)0
y = 90°
LXXII
Table 2. Atomic coordinates Cx iO) and equivalent isotropic
dispiacement parameters (Â2 x i0) for ic, chapter IV.
Ueq 15 defined as
Uij tensor.
one third of the trace of the orthogonalized
0cc. x Y Z Ueq
Rh(l) 1 1319(1) 7813(1) 930(1) 13(1)
Br 1 -1878(1) 7229(1) -1238(1) 42(1)
Nf6) 1 1646(2) 6814(5) 378(2) 14(1)
C(1) 1 1469(3) 6295(6) -126(3) 19(2)
C(2) 1 1707(3) 5598(7) -483 (3) 27(2)
C(3) 1 2134 (3) 5441 (7) -297(4) 28(2)
C(4) 1 2317(3) 5977(7) 219(4) 29(2)
C(5) 1 2071(2) 6692(6) 557(3) 19(2)
Cf6) 1 2227 (2) 7379(6) 1099(3) 17(2)
C(7) 1 2643(2) 7523(6) 1382(3) 18(2)
C(71) 1 3024 (3) 6866(7) 1208(4) 27(2)
C(8) 1 2702(2) 8311(7) 1844(4) 23(2)
C(9) 1 2378(2) 8965(6) 2072(3) 18(2)
C(91) 1 2496 (3) 9803 (7) 2575 (4) 31(2)
C(10) 1 1957(2) 8778(6) 1813(3) 18(2)
C(11) 1 1550(2) 9251(6) 1981(3) 17(2)
C(12) 1 1494(3) 9970(7) 2465(3) 27(2)
c(13) 1 1101(3) 10276(7) 2600(4) 32(2)
C(14) 1 743(3) 9910(7) 2226(4) 30(2)
C(15) 1 807(3) 9209(6) 1747(4) 25(2)
N(7) 1 1196(2) 8876(5) 1623(3) 16(1)
C(16) 1 1898(2) 8004(6) 1326(3) 17(2)
N(1) 1 1288 (2) 9183 (5) 335(3) 15(1)
C(17) 1 1595(2) 9940(6) 252(3) 17(2)
C(18) 1 1541 (3) 10817(6) -173 (3) 22(2)
C(19) 1 1154(3) 10910(6) -529(4) 26(2)
C(20) 1 832(3) 10141(6) -448(3) 21(2)
C(21) 1 902 (2) 9297 (6) -8(3) 15(1)
N(2) 1 721(2) 7644(5) 505(3) 16(1)
C(22) 1 578(2) 8423(6) 101(3) 12(1)
C(23) 1 478(2) 6773(6) 638(3) 15(1)
C(24) 1 686(2) 6034(6) 1124(3) 14(1)
C(25) 1 493 (3) 5083 (6) 1342 (3) 19(2)
C(26) 1 704(2) 4456(6) 1808(3) 17(2)
C(27) 1 1113 (2) 4796 (6) 2040 (3) 19(2)
C (28) 1 1296(2) 5747(6) 1791(3) 16(2)
Nf3) 1 1099(2) 6360(5) 1342(2) 14(1)
N(5) 1 86(2) 6618 (5) 376(3) 15(1)
Nf4) 1 183(2) 8393(5) -169(3) 16(1)
C (29) 1
-48(2) 7475 (6) -24(3) 16(2)
C(30) 1 -487(2) 7376(6) -330(3) 17(2)
C(31) 1 -622 (3) 8085 (6) -812 (3) 21(2)
C(32) 1
—1029(3) 8033(7) -1098(4) 27(2)
C(33) 1 -1303 (3) 7260 (7) -871 (4) 28(2)
C(34) 1 -1188 (3) 6530 (7) -396 (4) 26(2)
C(35) 1
-773(2) 6591(6) -125(3) 21(2)
N(8) 1 9823(2) 8265(7) 1448(3) 38(2)
C(36) 1 9658(3) 7610(8) 1721(4) 32(2)
C(37) 1 9453 (3) 6761(10) 2093 (6) 60(3)
P(1) 1 585(1) 3141 (2) 3468(1) 24(1)
Ff1) 1 180(2) 2352 (7) 3479(3) 77(2)
Ff2) 1 483(2) 3713(5) 4089(2) 48(2)
Ff3) 1 986(2) 3960 (6) 3458 (3) 59(2)
Ff4) 1 679(2) 2579(5) 2846(2) 59(2)
F(5) 1 302(2) 4092(5) 3102(2) 45(2)
Ff6) 1 871(2) 2199(5) 3842(2) 49(2)
LXXIII
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Table 3. Hydrogen coordinates Cx iO) and isotropic displacement
parameters (Â2 X i0) for C39 H30 Br F12 N8 P2 Rh.
0cc. x y z
Hf1) 1 1174 6404 -245 23
H(2) 1 1577 5245 -841 32
H(3) 1 2302 4964 -525 33
Hf4) 1 2611 5862 347 34
H(711) 1 3282 7140 1449 41
H(712) 1 3052 6988 779 41
Hf713) 1 2986 6041 1283 41
H(8) 1 2985 8424 2026 28
Hf911) 1 2384 10569 2458 46
H(912) 1 2807 9842 2657 46
H(913) 1 2374 9547 2939 46
H(12) 1 1738 10253 2707 33
H(13) 1 1070 10736 2945 38
1-1(14) 1 464 10138 2301 36
H(15) 1 566 8948 1492 29
H(17) 1 1861 9876 493 20
H(18) 1 1765 11345 -220 26
Hf19) 1 1112 11498 -826 31
H(20) 1 566 10189 -690 25
H(25) 1 216 4858 1173 22
H(26) 1 572 3804 1969 20
H(27) 1 1264 4383 2363 23
H(28) 1 1575 5970 1950 19
H(31) 1 -427 8624 -949 25
H(32) 1 -1117 8507 -1435 33
H(34) 1 -1387 6001 -258 31
Hf35) 1 -683 6094 203 26
H(371) 1 9266 6257 1830 89
1-1(372) 1 9285 7167 2372 89
H(373) 1 9673 6295 2322 89
G
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(D Table 4. Anisotropic parameters (Â2 x i0) for ic, chapter IV.
The anisotropic dispiacement factor exponent takes the form:
-2 1t2 [ li a*2 U11 + . + 2 h k a* b* U12 J
U11 U22 U33 U23 U13 U12
Rh(1) 14(1) 12(1) 11(1) 2(1) -1(1) -2(1)
Br 19(1) 49(1) 55(1) 2(1) -14(1) -2(1)
N(6) 16(3) 14(3) 11(3) 1(2) 6(2) —2(2)
C(1) 22(4) 16(4) 19(4)
-2(3) 3(3) -7(3)
C(2) 34 (5) 28 (4) 18 (4) -6 (3) 3 (4) -3 (4)
C(3) 29 (5) 24 (4) 32 (4) -12 (3) 7 (4) 5 (3)
C(4) 22 (4) 29 (4) 34 (5) -3 f4) 0 (4) -1 (4)
C(5) 17(4) 19(4) 23(4) 6(3) 6(3) -2(3)
Cf6) 22(4) 12(3) 19(3) 8(3) 2(3) 0(3)
C(7) 17(4) 19(3) 17(3) 4 (3) 0(3) 1(3)
Cf71) 21 (4) 39 (5) 20 (4) 6 (3) -5 (3) 0 (4)
C(8) 15 (4) 27 (4) 26 (4) 6 (3) -3 (3) -4 (3)
C(9) 23 (4) 19 (4) 11 (3) 0 (3) -3 (3) -6 (3)
C(91) 36 (5) 26 (4) 29 (5) -3 (4) -5 (4) -18 (4)
C(10) 22(4) 16(3) 14(3) 4(3) -3(3) -7(3)
C(11) 22 (4) 15 (3) 12 (3) 7 (3) -8 (3) 2 (3)
C(12) 39(5) 20(4) 21(4) -4(3) -4(4) 3(4)
C(13) 51(6) 25(4) 20(4) -10(3) 5(4) 12(4)
C (14) 25(5) 36 (5) 31(5) 4 (4) 11 (4) 10(4)
C(15) 32(5) 16(4) 25(4) 3(3) 1(4) 4(3)
N(7) 23(3) 12(3) 11(3) 3(2) -2(2) -3(2)
C(16) 11(3) 17(4) 23(4) 0(3) -2(3) -7(3)
N(1) 20(3) 10(3) 14(3) 3(2) 3(2) 1(2)
C(17) 24(4) 13(3) 14(3) 1(3) 3(3) -4(3)
C(18) 24(4) 20(4) 23(4) 3(3) 6(3) -5(3)
C(19) 35 (5) 14 (4) 29 (4) 4 (3) 4 (4) -2 (3)
C(20) 22(4) 16(3) 23(4) 5(3) 1(3) -4(3)
C(21) 18(4) 11(3) 15(3) 2(3) 2(3) 1(3)
N(2) 21(3) 14(3) 13(3) 3(2) 2(2) -3(2)
C(22) 15(4) 14(3) 6(3) 1(3) 1(3) 0(3)
C(23) 18(4) 14(3) 13(3) 4(3) -2(3) -4(3)
C(24) 19(4) 12(3) 9(3) 1(3) 0(3) 4(3)
C (25) 26 (4) 20 (4) 11 (3) 8 (3) 6 (3) -5 (3)
C(26) 24(4) 13(3) 13(3) 4(3) 1(3) 0(3)
C(27) 21 (4) 19 (4) 17 (4) 4 (3) -4 (3) 1 (3)
C(28) 15 (4) 19 (3) 11 (3) -1 (3) -6 (3) 0 (3)
N(3) 20 (3) 11 (3) 11 (3) -2 (2) -1 (2) 0 (2)
N(5) 15(3) 16(3) 14(3) 2(2) -2(2) -2(2)
N(4) 11(3) 15(3) 20(3) 2(2) 0(2) 0(2)
C(29) 16(4) 15(3) 18(3) 0(3) 0(3) 0(3)
C(30) 19 (4) 8 (3) 23 (4) -1 (3) 2 (3) -3 (3)
C(31) 23(4) 14(3) 27(4) 1(3) 5(3) -1(3)
C(32) 24 (4) 30 (5) 25 (4) 6 (3) -10 (3) 4 (3)
C(33) 19 (4) 34 (4) 29 (4) -14 (4) -5 (3) -1 (4)
C(34) 18 (4) 27 (4) 32 (4) 0 (4) 1 (3) -8 (3)
C(35) 22(4) 18(4) 24(4) 2(3) 2(3) -1(3)
N(8) 28(4) 52(5) 32(4) 8(4) -4(3) -7(4)
C(36) 24 (5) 34 (5) 36 (5) -1 (4) -4 (4) 6 (4)
C(37) 31 (6) 65 (7) 82 (9) 32 (7) 3 (6) -6 (5)
P (1) 25(1) 31 (1) 18(1) 6(1) 5(1) 7(1)o
GLXXVI
F(1) 71(5) 107(6) 47(4) 27(4) -16 (3) -46 (4)
F (2) 57(4) 65(4) 23(3) 0(3) 4(3) 28(3)
Ff3) 35(3) 80 (5) 59(4) 36(3) -3(3) -12 (3)
Ff4) 118(6) 35(3) 28(3) 13(2) 24(3) 37(3)
Ff5) 47(3) 62(4) 24(3) 11(2) 0(2) 37(3)
Ff6) 64(4) 50(3) 33(3) 23(3) 11(3) 28(3)
Pf2) 31(1) 19(1) 20(1) 3(1) 7(1) 1(1)
Ff71) 44(6) 61(7) 39(6) 19(5) -4(5) 0(5)
F (81) 36(6) 24(4) 24(5) -1(4) 18(4) 0(4)
Ff91) 38(5) 30(5) 23(4) 5(4) 0(4) -2f4)
Ff101) 41(6) 33(5) 38(6) 14(5) 19(5) 0(5)
Ff111) 81(10) 12(4) 50(7) 9(4) 54(8) 18(6)
Ff121) 53(7) 24f5) 26f5) 2(4) 14(5) -3(5)
Ff72) 21(8) 37(8) 52(10) 16(8) -14(7) -7(6)
Ff82) 54(12) 13(6) 35(9) 0f6) 23(8) -4(7)
Ff92) 55(11) 56(10) 59f12) 12(9) -3(9) 31(9)
F(102) 72(14) 34(8) 35(9) 8(8) 31(9) -8(9)
Ff112) 49f12) 37(10) 38(9) -24(7) 19(10) 5(9)
Ff122) 53f12) 13(7) 50(10) 6(6) 9f9) -5(8)
LXXVII
Table 5. Bond lengtlis [Â] and angles [0] for ic, chapter IV.




















C (9) -C (91)
C (10) -C (16)










C (18) -C (19)
C (19) -C (20)










C (26) -C (27)










C (33) —C (34)


























































C (36) -C (37)
P (1) -F (1)
P (1)-F (3)
P (1) -Ff4)

















C (16) -Rhfi) -N (7)
Nf2) -Rlifl)-Nf7)
C f16) -Rhfi) -Nf6)
Nf2) -Rhfl) -Nf6)
Nf7) -Rhfi) -Nf6)
C f16) -Rhfl) -N fi)







Nf6) -Rhfl) -N (3)
Nfl) -Rhfl) -N f3)
Cfl) -N (6) -C f5)
Cfi) -Nf6)-Rlifl)
Cf5) -Nf6) -Rhfi)
Nf6) -C fi) -C f2)
Cf3) -Cf2) -Cfi)
Cf4) -C (3) -C (2)
Cf3) -C (4) -C (5)
Nf6) -C (5) -C f4)
Nf6) -Cf5) -Cf6)
C (4) -C (5) -C (6)
C f16) -C f6) -C (7)
C f16) -C (6) -C (5)
Cf7) -Cf6) -Cf5)
Cf8) -Cf7) -C(6)
C f8) -C f7) -C f71)
Cf6) -C (7) -C (71)
Cf7) -Cf8)-Cf9)
C f8) -C (9) -C f10)









































































125.4(5) Ff4)-Pfl) -Ff2) 179.2(4)
115.0(5) Ff5)-Pf1)-Ff2) 90.3(3)
124.4(7) Ff6)-P(1)-Ff2) 89.2(3)





















121.8 (6) F (71) -p (2) -F (101) 90.7 (5)
123.1(7) Ff122)-P(2)-F(101) 69.7(8)
115.1(6) Ff82) -P(2) -Ff101) 148.3(8)
119.5(7) F(111)-Pf2)-FflOl) 91.9(5)
118.9(7) Ff92) -p (2) -Ff101) 117.3 (8)
118.9(7) Ff91) -Pf2) -Ff101) 90.0 f5)
123.2(7) Ff102)-Pf2)-FflOl) 33.1(7)
117.5(6) Ff71)-Pf2)-Ff81) 89.8(5)
128.2(5) F (122) -P (2) -Ff81) 108.6(7)
114.3 f4) Ff82) -P(2) -F f81) 32.1(6)
113.4 f6) Ff111) -P(2) -F (81) 90.2 f5)
114.7 f6) F (92) -p (2) -Ff81) 61.0 f7)
126.2(7) Ff91) -p(2) -Ff81) 89.3(5)
117.0(6) Ff102)-P(2)-Ff81) 146.8(8)









117.7(7) Ff81) -p (2) -Ff112) 71.1(7)





C(9)-C (10) -C fil)
Nf7) -C (11) -C (12)
Nf7) -C (11) -C (10)
C(12) -C fil) -C (10)
C (13) -C (12) -C (11)
C (12) -C (13) -C (14)




C fil) -N (7) -Rlifl)
C(6)-C (16) -C (10)
Cf6) -C (16) -Rhfl)
C (10) -C (16) -Rli(1)
Cf17)-Nfl) -C (21)
Cf17)-Nfl)-Rlifl)
C(21) -N fi) -Rli(1)
N (1)-C (17) -C(18)
C (19) -C (18) -C (17)
C (20) -C f19) -C (18)
C (19) -C (20) -C (21)
Nfl) -C(21) -C(20)
Nfl)-Cf21)-Cf22)
C(20) -C (21) -C (22)
Cf23)-N(2) -C (22)
C(23)-N(2) -Rh(1)
C (22) -N (2) -Rhfl)
Nf2) -C f22) -N (4)
N(2) -C (22) -C(21)
N(4)-C(22)-C (21)
Nf2) -Cf23) -N(5)
N (2)-C (23) -C (24)
Nf5) -Cf23) -Cf24)
Cf25)-C(24) -Nf3)
C(25) -C(24) -C (23)
Nf3) -C (24) -C f23)
C(24) -C (25) -C (26)
C(25) -C (26) -C (27)







N(4) -C(29) -N (5)
N (4)-C (29) -C (30)
NfS)—Cf29) -C (30)
C (31) -C (30) -C (35)
C(31) -C (30) -C (29)
C (35) -C (30) -C (29)
C (32) -C (31) -C (30)
C (31) -C (32) -C (33)
C (34) -C (33) -C (32)
Cf34)-Cf33) -3r
C (32) -C(33) -Br
C (33) -C(34) -C (35)
C(34) -C(35) -C(30)







Ff91) -P f2) -Ff72)
Ff102) -P f2) -Ff72)




F f71) -P f2) -F f121)
Ff122)-Pf2)-Ff121)


















Ff111) -P (2) -Ff121)
Ff92) -P f2) -Ff121)
F f91) -P (2) -F (121)
F(102)-Pf2) -Ff121)
Ff101) -P f2) -F (121)
Ff81) -P (2) -Ff121)
Ff112) -Pf2)-Ff121)























Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F”2
Final R indices I>2sigmafI)1
R indices (ail data)
Extinction coefficient
Largest diff. peak and liole
gary46






a 14.7467 f4) Â
b = 20.8588 (6) Â






0.38 x 0.06 x 0.04 mm
3.69 to 55.23?
22391
3198 [Rint = 0.0431
Semi-empirical f rom equivalents
0.8400 and 0.4100
Fuil-matrix least-squares on F2
3198 / 357 / 359
0. 925
R1 = 0.0428, wR2 = 0.0783
R1 = 0.0802, wR2 = 0.0836
0.000011(7)
0.494 and -1.078 e/Â3
Appendix 7: Supplementary information for chapter V, part A.



















C (15) -C (16)












C (115) -C (116)
C (116) -C (117)
C (117) -C (118)
C(119)-C (120)
C (119)-C (124)





P (1) -F (2)
P (1) -F (4)












































































C (12) -C(13) -C(14)
C (15) -C(14) -C(13)
C (16) -C(15) -C(14)
C (15) -C(16) -N(11)
C(15) -C(16)-C(17)
N(11) -C (16) -C (17)
Nf18) -C(17) -N(112)
N (18) -C (17) -C (16)
N(112)
-C(17) -C(16)
C (17) -N (18) -C (19)
C(17) -N(18) -COl
C(19) -Nf18) -COl




C (19) -N(110) -C (111)
N (112) -C (111) -N(110)
N(112) -Cflll) -C(119)
N(110) -C (111) -C (119)
C(17) -N(112) -C(111)
N(114) -C(113) -Cf118)






C(115) -C (116) -C (117)
C (118) -C(117) -C(116)












F (2) -Ff1) -F (6)
Ff4) -P(1) -Ff6)
Ff2) -Ff1) -Ff3)
Ff4) -P (1) -F (3)







































































F (6) -P (1) -F (5)
Ff3)-? (1)-F (5)
Ff2) -P fi) -Ff1)
Ff4) -P fi) -Ff1)
Ff6)-Pfi)-F(1)
Ff3) -P(1) -Ff1)
F (S) -P (1) -Ff1)
Ff12) -P (il) -Ff14)
F f12) -P (li) -F (16)
Ff14) -P fil) -Ff16)












Ff14) -P fil) -F (13)
Ff16) -P fil) -Ff13)
Ff12) -P (li) -Ff15)
Ff14) -P fil) -Ff15)
Ff16) -P fil) -Ff15)
Ff13) -P fil) -Ff15)
F f12) -P fil) -Ff11)
F (14) -P fil) -Ff11)




































Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole







b = 3.9351(2) Â






0.20 x 0.04 x 0.02 mm
1.88 to 68.580
-29h29, -4k4, -22 22
23442
3232 [Rint = 0.0461
Semi-empirical f rom equivalents
0.9500 and 0.6300
Full-matrix least-squares on F2
3232 / 6 / 256
1.048
R1 = 0.0440, wR2 = 0.1135
R1 = 0.0556, wR2 = 0.1215
0.963 and -1.145 e/Â3
Appendix 8: Supplementary information for chapter V, part B.




















































































N(4) -C (6) -C(5)
N(5) -C (7) -N(4)
N(5) -C(7) -C (14)




N(3) -C(9) -C (10)
N(3) -C(9) -C(8)
C(10) -C (9) -C(8)
C(11) -C (10) -C(9)
C (10) -C(11) -C(12)










C (17) -C(18) -C(19)























































Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on FA2
Final R indices [I>2sigma(I)]
R indices (ail data)
Largest dif f. peak and hole






a = 14.4472 (6) Â
b = 21.0450(12) Â










4826 [Rint = 0.0651
Semi-empirical f rom equivalents
0.7900 and 0.2400
Full-matrix least-squares on FA2
4826 / O / 361
1.089
R1 = 0.0961, wR2 = 0.2665
R1 = 0.1280, wR2 = 0.2890






Table 2. Bond lengths [Â] and angles [0] for la, chapter V, part B.o
Fe-N(2) 1.872(5) N(2)-FE-Nfl)#1 99.7(2)
Fe-N(2)#1 1.872(5) N(2)#1-FE-N(1)#1 79.3(2)
Fe-Nf3) 2.004(6) Nf3)-FE-Nf1)41 93.4(3)
Fe-Nf3)41 2.004(6) Nf3)#1-FE-N(1)#1 159.0(2)
Fe-N(1) 2.006(6) Nfl)-FE-Nfl)#1 91.0(4)
Fe-N(1)41 2.006(6) C(1)-N(1)-CfS) 117.9(6)
Nf1)-C(1) 1.344(9) C(1)-N(1)-FE 127.3(5)
N(1)-C(5) 1.371(9) C(5)-N(1)-FE 114.8(5)
N(2)-C(6) 1.338(9) C(6)-Nf2)-cf8) 116.9(5)
N(2)-CfS) 1.356(8) C(6)-Nf2)-FE 122.0(5)
N(3)-Cf13) 1.346(9) C(8)-Nf2)-FE 120.9(4)
N(3)-Cf9) 1.357(8) Cf13)-N(3)-Cf9) 118.4(6)
N(4)-C(6) 1.323(8) Cf13)-Nf3)-FE 126.4(5)
Nf4) -C(7) 1.370 (9) Cf9) -N(3) -FE 115.0 (5)
Nf5)-C(8) 1.312(8) C(6)-N(4)-Cf7) 114.5(6)
N(5) -C(7) 1.370 (9) C(8) -Nf5) -Cf7) 115.3 (6)
Cfl)-C(2) 1.351(13) N(1)-Cfl)-Cf2) 122.4(7)
C(2)-C(3) 1.425(13) C(1)-Cf2)-Cf3) 119.9(8)
C(3)-Cf4) 1.358(11) C(4)-C(3)-C(2) 118.1(8)
C(4) -Cf5) 1 .384 (10) C(3) -Cf4) -C(5) 119.3 (7)
C (5) -C (6) 1.465 (10) N(l) -C (5) -C (4) 122.3 (7)
C(7)-C(l4) 1.455(9) Nf1)-C(5)-C(6) 112.8(6)
C (8) -C (9) 1.468 f9) C (4) -C (5) -C (6) 124.9 (7)
C(9) -C(10) 1.366 (10) N(4) -C(6) -N(2) 124.7 (6)
C (10) -C (11) 1. 415 (10) Nf4) -C (6) -C (5) 124.2 (7)
Cfll)-C(12) 1.362(11) Nf2)-C(6)-Cf5) 111.1(6)
C(l2)-Cf13) 1.408(10) N(4)-C(7)-N(5) 124.5(6)
Cf14) -C (15) 1.386 (10) N(4) -C (7) -C (14) 117.5 (6)
C(14)-Cf19) 1.394(11) N(5)-C(7)-Cf14) 118.0(6)
C(15)-C(16) 1.393(10) N(5)-Cf8)-N(2) 124.0(6)
C (16) -C (17) 1. 318 (12) N(5) -C (8) -C (9) 125.1 f6)
C(17)-Cf18) 1.403(12) Nf2)-C(8)-C(9) 110.9(5)
Cf17)-Br(1) 1.906(7) Nf3)-C(9)-C(10) 122.9(7)
Cf18) -Cf19) 1.374 (10) Nf3) -C (9) -C (8) 113.2 (6)
Pfl)-F(15) 1.61(4) CflO)-C(9)-C(8) 123.8(6)
Pfl)-F(13) 1.63(2) C(9)-C(10)-C(11) 119.1(7)
Pfl) -Ff11) 1.65 (2) C(12) -Cfll) -C(lO) 117.9 (7)
P(1)-Ff14) 1.65(2) C(l1)-C(12)-C(13) 120.5(7)
P(1)-Ff16) 1.69(3) N(3)-Cf13)-Cf12) 121.1(7)
P (1) -Ff12) 1.70 f3) C(l5) -C(l4) -C(19) 119.9 (7)
P(11)-Ff116) 1.41(3) Cfls)-Cf14)-Cf7) 120.9(7)
P(11)-Ff114) 1.52(3) Cf19)-Cf14)-Cf7) 119.1(7)
Pf11)-Ff115) 1.53(4) Cf14)-Cf15)-Cfl6) 119.3(8)
Pfll)-Ff113) 1.53(2) Cf17)-Cf16)-CflS) 120.4(8)
Pfll)-Ff111) 1.54(2) Cf16)-Cf17)-Cf18) 121.7(7)
Pfll)-Ff112) 1.56(3) Cf16)-Cfl7)-BRl 120.7(7)
Ff113)-Ff116) 1.78(6) C(18)-Cf17)-BR1 117.6(6)
Nf2)
-FE-N(2)#1 178.6(3) C(19) -C(18) -C(17) 119.1(8)
N(2)-FE-N(3) 79.8(2) C(18)-C(19)-C(14) 119.4(8)
N(2)41-FE-Nf3) 101.2(2) F(l5)-P(1)-F(13) 166.90(13)
N(2) -FE-Nf3)#1 101.2 (2) Ff15) -P(l) -Ff11) 86.70 (15)
N(2)#1-FE-N(3)#1 79.8 (2) Ff13) -P (1) -Ff11) 86.3 (1)
N(3)-FE-N(3)#1 89.7(3) F(15)-Pfl)-F(14) 85.00(12)
Nf2)-FE-N(l) 79.3(2) F(13)-Pfl)-Ff14) 83.3(9)
Nf2)#1-FE-Nfl) 99.7(2) F(11)-Pfl)-F(14) 85.10(13)




F f14) -P fi) -Ff16)
Ff15) -P fi) -Ff12)
Ff13)-Pfl)-Ff12)
Ff11)-Pfl)-F f12)
Ff14) -Pfl) -F f12)
Ff16) -Pfl) -F f12)
Ff116) -P fil) -Ff114)
Ff116) -Pfll) -Ff115)
Ff114) -P fil) -Ff115)
Ff116)-?fll) -Ff113)













Ff115) -P (11) -Ff113)
F f116) -P (11) -F f111)
Ff114)-Pfll) -Ff111)
Ff115)-Pfll) -Ff111)
Ff113) -P fil) -Ff111)
Ff116) -P fil) -Ff112)
F f114) -P fil) -F f112)
F f115) -P fil) -F f112)
Ff113)-Pfll)-Ff112)



































rlax. and min. transmission
Refinement metliod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigmafl)]
R indices fall data)
Largest diff. peak and hole






a = 8.5536f2) Â
b = 13.6850 f2) Â











Semi-empirical f rom equivalents
0.7800 and 0.7700
Fuli-matrix least-squares on F2
8310 / 2 / 663
0.916
R1 = 0.0533, wR2 = 0.1220
R1 = 0.0899, wR2 = 0.1343











































































































































































C(8) -N f2) -C(6)
Cf8) -Nf2)-NI
C(6)—Nf2) -NI
C(13) -N (3) -C (9)







































































-N(8) —Cf29) 117.3 (4) C(31)
-C(30) -Cf29) 118.6 (4)
C (33) -N (8) -NI 128.3 (3) C (30) -C (31) -C f32) 119.4 (5)
C(29)-N(8)-NI 114.4(3) C(31)-C(32)-Cf33) 118.6(4)
C(28) -NflO) -C(27) 114.6 (4) N(8) -Cf33) -C(32) 123.1 (4)
C(26) -N(9) -Cf27) 114.5 f4) Cf35) -C(34) -C(39) 120.0 f4)
N(1) -C(1) -C(2) 122.3 f4) Cf35) -C(34) -C(27) 119.8 f4)
C(3) -Cf2) -C(1) 119.0 (4) C(39) -C(34) -C(27) 120.2 f4)
C(4) -Cf3) -C(2) 119.5 f4) Cf36) -Cf35) -C(34) 120.4 (5)
Cf3) -C(4) -C(5) 118.9 (4) C(35) -C(36) -C(37) 119.0 (5)
Nf1)
-C(5) -C(4) 121.7 (4) C(38) -C (37) -C (36) 121.4 (4)
Nf1)-C(5) -Cf6) 114.7(4) C(38)-Cf37) -3R2 120.2 (4)
Cf4) -Cf5) -Cf6) 123.5 (4) C(36) -C(37) -3R2 118.4 (4)
N(4) -C (6) -Nf2) 124.4 (4) C (37) -C (38) -Cf39) 119.2 (5)
N(4) -C(6) -Cf5) 122.5 (4) C(38) -C(39) -Cf34) 120.0 (5)
N(2)-Cf6)-C(5) 113.0(4) F(12)-P(1)-F(14) 92.6(4)
N(4)-C(7)-N(5) 124.1(4) F(12)-P(1)-F(13) 86.9(4)
N(4)-Cf7)-C(14) 119.0(4) F(14)-P(1)-F(13) 178.6(4)
N(5)-Cf7)-C(14) 116.9(4) Ff12)-P(1)-F(11) 87.7(4)
N(5)-Cf8)-N(2) 125.1(4) Ff14)-P(1)—Ffll) 89.2(4)
N(5)-C(8)-C(9) 122.5(4) Ff13)—P(1)—Ff11) 89.5(4)
N(2) -C (8) -C (9) 112.4 f4) F (12) —P fi) -F f15) 101.6 (3)
N(3)-C(9)-C(10) 124.2(4) F(14)-Pfl)-Ff15) 90.0(3)
N(3)
-C(9) -C(8) 114.0 (4) F(13) -Pfl) -Ff15) 91.4 f3)
C(10) -Cf9) -C f8) 121.8 f4) Ff11) -P fi) -Ff15) 170.6 f4)
C(9) -C(10) -Cfll) 118.1 f5) Ff25) -Pf2) -Ff24) 91.7 f2)
Cf12) -Cfll) -CflO) 117.2 f5) Ff25) -Pf2) -Ff21) 91.35 f18)
Cf13)-Cf12)-Cfil) 121.1(4) Ff24)-Pf2) -Ff21) 90.68(19)
Nf3)-C(13) -C(12) 122.2 f4) Ff25)-Pf2) -Ff26) 90.34 (19)
Cf19) -Cf14)
-Cf15) 118.6 (4) Ff24) -Pf2) -Ff26) 90.66 f19)
C(19) -C (14) -C f7) 121.3 f5) Ff21) -P(2) -Ff26) 177.81(19)
C(15) -Cf14) -C(7) 120.0 f4) Ff25) -Pf2) -Ff22) 89.79 f18)
Cf16)-Cf15)-C(14) 119.9(5) Ff24)-Pf2)-Ff22) 178.5(2)
Cf17) -Cf16) -C(15) 120.1 f5) Ff21) -Pf2) -Ff22) 89.49 (17)
C (16) -C (17) -C f18) 121.3 f5) Ff26) -P (2) -Ff22) 89.12 f17)
Cf16)-Cf17)-BR1 119.8(4) F(25)-Pf2)-F(23) 178.93(18)
Cf18)-C(17)-BR1 119.0(4) Ff24)-Pf2)-F(23) 89.34(18)
C (19) -C(18) -C(17) 118.7 (5) Ff21) -P (2) -Ff23) 88.76 (16)
C(18) -C (19) -C (14) 121.5 (5) Ff26) -P (2) -F (23) 89.52 (17)
Nf6) -Cf21) -C(22) 122. 9(4) Ff22) -P(2) -Ff23) 89.15 f15)
C(21) -C(22) -C(23) 119.3 f4) Ff32) -P (3) -F(32)#1 179.997(1)
C(24)-C(23)-C(22) 118.3(4) Ff32)-Pf3)-F(31) 90.54(18)
C(25)-C(24)-C(23) 118.3(4) Ff32)#1-P(3)-Ff31) 89.46(18)
N(6) -Cf25) -C(24) 124.1(4) Ff32) -Pf3) -Ff31)#1 89.46 (18)
Nf6) -Cf25) -Cf26) 113.7 (4) Ff32)#1-Pf3) -Ff31) #1 90.54 f18)
C(24)-Cf25)-C(26) 122.2(4) Ff31)-P(3)-F(31)41 180.0(2)
N(9) -Cf26) -Nf7) 124.3 f4) Ff32) -Pf3) -Ff33) 89.3 f2)
N(9) -C(26) -Cf25) 121.4 f4) Ff32)#1-P(3) -Ff33) 90.7 (2)
N(7) -C(26) -C (25) 114.3 f4) F(31) -P (3) -Ff33) 89.48 f16)
NflO) -C (27) -N(9) 125.3 f4) Ff31) #i-P (3) -F f33) 90.52 f16)
NflO) -Cf27) -Cf34) 118.6 f4) Ff32) -Pf3) -Ff33)l*1 90. 7(2)
N(9) -C(27) -Cf34) 116.1 f4) Ff32)41-Pf3) -F(33)#1 89.3 (2)
N(10) -C (28) -N f7) 124.4 f4) Ff31) -P (3) -F(33)41 90 .52 (16)
NflO) -Cf28) -Cf29) 122.7 f4) Ff31)41-P(3) -Ff33)#1 89.48 f16)
Nf7) -C(28) -C(29) 112.9 f4) Ff33) -Pf3) -F(33)#1 179.997 f1)
Nf8) -Cf29) -C(30) 123.0 f4) C(41) -C(42) -Nf43) 171.50 (12)
Nf8) -C(29) -Cf28) 114.2 f4) Cf42) -N(43) -Cf42)42 180.0 (8)













Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)





a = 8.5175(2) Â
b = 13.7974 (3) .








7620 [Rint = 0.029]
Semi-empirical f rom equivalents
0.8800 and 0.6100
Fuli-matrix least-squares on F2
7620 / 144 / 790
1.023
R1 = 0.0327, wR2 = 0.0843
R1 = 0.0369, wR2 = 0.0867
1.472 and -0.714 e/Â3
TaiDie 1. Crystal data and structure refinement for ld, Chapter V, Part B.
Identification code gary7l















Table 2. Bond lengtlis [À] and angles [0] for ld, Chapter V, Part B.
Cu - N (2)






































C (15) -C (16)
Cf16)-Cf17)
C (17) -C (18)
Cf17)-Brfl)




























































































































N (43) -C (42)42
N (43) -C (42)






































































P f21) -F f212)
P f21) -F (211)41



















C(1) -Nf1) -C f5)
Cfl) -Nfl) -CU
CfS)-Nfl) -CU
Cf6) -N (2) -C f8)
C(6)-Nf2) -CU
Cf8) -N(2) -CU
C (6) -N (3) -C f?)
Cf8) -Nf4) -C f7)
C (13) -N (5) -C f9)
Cf13) -N(5) —CU
Cf9)-Nf5)-CU









C f33) -N (10) -CU





N(1) -C(5) -C f4)
Nfl) -Cf5) -C f6)


































































Nf2) -C(6) -C f5)
Nf4) -C(7) -N (3)
Nf4) -C (7) -C(14)
N(3)
-C(7) -C(14)






C (10) -Cf9) -Cf8)
C (9) -C (10) -C fil)
C (12) -C(11) -C (10)
C(11) -C(12) -C (13)
N(5)-C f13) -C(12)
C(15) -C(14) -C (19)
Cf15)-C(14) -C(7)
Cf19) -Cf14) -C(7)
C (16) -C(15) -C (14)
C(17) -Cf16)-Cf15)
C (16) -C (17) -C (18)
C(16) -Cf17) -3R1
Cf18)-C(17) -BR1
C(17) -C (18) -C(19)
C (18) -C(19) -C(14)
Nf6) -C(21)-C f22)
C (23) -C(22) -C(21)
C (22) -C (23) -C (24)
C (25) -C (24) -C (23)
N(6) -C (25) -C(24)
N(6) -C (25) -C(26)




Nf8) -C(27) -N (9)





N (10) -C (29) -C (30)
N (10) -C (29) -C (28)
C (30) -C (29) -C(28)
C (29) -C (30) -C (31)
C (32) -C(31) -C (30)
C(33) -C(32) -Cf31)
N(10) -C (33) -C (32)
C (35) -C (34) -C (39)
C (35) -C (34) -C (27)
C (39) -C (34) -C (27)
C(36) -C (35) -C (34)
C (37) -C(36) -C(35)
C (36) -C(37) -C(38)
Cf36)-C(37) -BR2
C (38) -C(37) -BR2
C (37) -C (38) -C (39)







































































Ff111) -P (1) -F (15)
Ff112)-P(1)-F(113)
F(114)-Pfl) -Ff113)
Ff111) -P fi) -Ff113)
F f15) -P (1)-F f113)
F (112) -Pfl) -Ff116)
Ff114)-P(i) -Ff116)
Ff111) -P fi) -F f116)
F f15) -P fi) -F (116)
Ff113)-P(1) -Ff116)
F f112) -P (1)-F (16)
Ff114)-? (1)-F (16)
F (111) -P fi) -F f16)
Ff15) -P (1) -Ff16)
Ff113) -P (1) -Ff16)
F (116) -P fi) -F f16)
F (112) -P fi) -Ff13)
Ff114) -P (1) -Ff13)
Ff111) -Pfl) -Ff13)
Ff15)-Pfl)-Ff13)
Ff113) -P fi) -Ff13)
Ff116) -P (1) -Ff13)
Ff16)-? fi) -Ff13)
F f112) -P (1) -F f14)
Ff114)-? fi) -F (14)
Ff111) -P fi) -Ff14)
F f15) -P fi) -F (14)
F (113) -P fi) -Ff14)








F fis) -P fi) -F fils)
Ff113)-? fi) -Ff115)
F flic) -P (1) -F fils)
Ff16)-? (1)-F fils)
Ff13) -P fi) -Ff115)
Ff14) -P fi) -Ff115)
Ff112) -P fi) -Ff11)
Ff114) -P fi) -Ff11)
F f111) -P fi) -Ff11)
F f15) -P fi) -Ff11)
Ff113)-Pfl)-Ffll)
Ff116) -P fi) -Ff11)
Ff16)-? fi) -Ff11)
Ff13) -P fi) -Ff11)
Ff14)-? fi) -Ff11)
F f115) -P fi) -Ff11)
F f112) -P fi) -Ff12)
F (114) -P (1) -Ff12)
Ff111) -P fi) -Ff12)
F f15) -P fi) -F f12)
F (113) -P fi) -F (12)
Ff116) -P fi) -Ff12)
Ff16) -P f1) -Ff12)
Ff13)-Pf1)-Ff12)
Ff14)-Pfl)-Ff12)
Ff115) -P fi) -Ff12)
Ff11)
-Pfl) -Ff12)































































P fil) -Ff12) -Pfi)
P fi) -Ff13) -Pfli)
P fi) -F (14) -P (11)
Pfll)-Ff15)-Pf1)
Pfll) -Ff16) -P fi)
Ff112)-? fil) -F fis)










Ff15) -P fil) -Ff116)
F f111) -P fil) -F (116)
Ff114)-Pfll) -Ff116)
Ff113)-Pfll)-Ff116)
Ff112) -P fil) -Ff16)
F (15) -P fil) -F f16)
Ff111) -P fil) -Ff16)
Ff114)-? fil) -Ff16)
Ff113) -Ff11) -F (16)
F f116) -P fil) -F (16)
Ff112)-? fil) -Ff13)
F f15) -P fil) -Ff13)




Ff16) -P fil) -Ff13)
Ff112) -P fil) -Ff115)
Ff15)-? (11) -F fils)
Ff111) -P fil) -F (115)
Ff114)-? fil) -Ff115)
Ff113) -P fil) -Ff115)




F f15) -P fil) -F f14)
Ff111) -P fil) -Ff14)
Ff114)-? fil) -Ff14)
Ff113)-P fil) -Ff14)
Ff116) -P fil) -Ff14)
Ff16) -P fil) -Ff14)
Ff13) -P fil) -Ff14)
F fils) -Pfli) -Ff14)
F (112) -Pfli) -Ff11)




F f116) -P fil) -Ff11)
F f16) -P fil) -Ff11)
Ff13) -Pfll) -Ff11)
Ff115)-Pfll)-F(i1)
Ff14) -P fil) -Ff11)
F (112)-P fil) -Ff12)


































































F(111) -P (11) -Ff12)
F(114)-P(11)
-Ff12)
Ff113) -P(11) -F (12)
Ff116)-? (11) -Ff12)
F (16) -P (11) -F (12)
Ff13) -P (il) -Ff12)
FfllS)-P(11)
-Ff12)
F (14) -P (11) -Ff12)
Ff11)
-Pci;) -Ff12)
P (1)-F (111) -P fil)
P (11) -F (112) -P fi)
P (1) -Ff113) -P)”)
P fi) -F (114) -P (11)
P (11)-F f115) -P (1)
P (11) -Ff116) -P)’)
P (21) 41-P (2) -Ff213) 41
P f21) 41-P (2) -F (213)
Ff213)41-P(2)-Ff213)
P (21) #1-P (2) -F (211)
Ff213)#1-Pf2) -F(211)
Ff213)-P(2) -Ff211)
P f21) 41-P (2) -F f211) 41
Ff213)#1-P(2)-Ff211)#1
F (213)-P (2) -F (211) #1
F (211) -P (2) -Ff211) 41





Ff211) -P f2) -Ff22)
F(211)#1-Pf2) -Ff22)





F (22) -P (2) -F f22) 41
P (21) 41-P (2) -Ff212)
F (213)41-P (2) -Ff212)
Ff213)-Pf2)
-Ff212)
Ff211) -P (2) -Ff212)
Ff211)#1-Pf2)-Ff212)
Ff22) -P f2) -F f212)
Ff22) #1-Pf2) -Ff212)
Pf21)#1-Pf2) -Ff212)41
F f213) 41-P(2) -Ff212)41
F f213)
-P(2) -Ff212)#1
F (211) -P (2)
-Ff212)#1
Ff211)#1-P f2) -F (212)41
Ff22)-Pf2)-Ff212)#1
F f22) 41-P (2) -F f212) 41
Ff212) -P f2) -F (212)41
P f21) 41-P f2) -F (23)41
Ff213)41-Pf2)-Ff23)41
Ff213) -P f2) -F(23)*1
F (211) -P f2) -F (23)41
F f211) #i-P (2) -F (23)41
Ff22) -P (2) -Ff23)41
Ff22)#1-Pf2) -F (23)41
Ff212) -P (2) -F f23) 41
Ff212) #i-P (2) -F (23) #i


















































































































Ff212) -P (2) -F (23)
Ff212)41-P(2) -Ff23)
Ff23)41-P (2) -F (23)
P f21) 41-P (2) -Ff21)
Ff213)41-P(2) -Ff21)
Ff213) -P (2) -Ff21)
Ff211) -P (2) -Ff21)
F (211)41-P (2) -Ff21)
Ff22)-Pf2)-Ff21)
Ff22)41-Pf2) -Ff21)
Ff212) -P (2) -Ff21)
F(212)#1-Pf2) -Ff21)
F (23) 41-P (2) -F (21)
Ff23) -P (2) -Ff21)
Pf21)-Ff21)-Pf2)
P (21) -F (21) -P (21)41
Pf2) -Ff21) -P (21)41
P (21) 41-F (22) -P (2)
P (21) 41-F (22) -P (21)
P (2) -F (22) -P (21)
Pf21)#1-Ff23)
-Pf2)
P (21) #1-F (23) -P (21)
Pf2)-Ff23) -P (21)
Ff34) —P (3) —Ff33)
Ff34) -P f3) -Ff31)
Ff33) -Pf3)-Ff31)




F (34) —P (3) -Ff35)
Ff33) —P (3) -Ff35)
Ff31) -Pf3)-Ff35)
Ff32) -P (3) -Ff35)
Cf42)#2-Nf43) -C (42)
C(41) -C (42) -N (43)
N(53) -C f52) -C (51)
Nf63) -Cf62) -Cf61)
Pf21)41-Pf21)-Ff211) 149(10)
Pf21)41-Pf21) -Ff21) 159 f10)
Ff211) -P (21) -Ff21) 15.20(13)
Pf21)41-Pf21)-Ff213)41 91(10)
F(211)-Pf21)-F(213)41 114(3)








Ff211) -P f21) -Ff213) 80 f3)
Ff21)-Pf21)-Ff213) 95f3)








Ff213) -P (21) -F(212)41
P (21)41-P (21) -F (23)41
F(211) -P (21) -F(23)#1
Ff21) -P (21) -F f23) 41
F (213)41-P f21) -Ff23)#1
Ff22)41-P(21)-F(23)#1
Ff213) -P (21) -Ff23) 41
Ff212) 41-P (21) -F (23)41
P (21) #1-P (21) -Ff212)
F f211) -P(21) -Ff212)
Ff21) -P (21) -Ff212)




F (212)41-P f21) -Ff212)
Ff23)41-P(21) -Ff212)
P (21) 41-P (21) -F (22)
Ff211) -P (21) -F (22)
Ff21)
-Ff21) -Ff22)
F (213)41-P (21) -Ff22)
Ff22)41-Pf21) -Ff22)
F (213)-P (21) -Ff22)
Ff212) 41-P(21) -Ff22)
Ff23)41-Pf21) -Ff22)
F (212) -P (21) -F (22)
Ff21) #1-P (21) -F (23)






























































F (212)41-P (21) -Ff23)
Ff23)41-Pf21) -Ff23)
F (212)-P (21) -Ff23)
F (22) -P (21) -F (23)
Ff21) 41-P (21) -F (211)41
Ff211) -P (21) -Ff211)#1
Ff21) -Ff21) -F (211)41
F f213)#1-P (21) -F (211)41







P (21) -Ff211) -P (2)
Ff21) -Ff211) -P f21)#1
P (2) -F f211) -P (21)41
Ff21) 41-F (212) -Ff2)
P (21) 41-F f212) -P (21)
Ff2) -Ff212) -Ff21)
Pf21)#1-Ff213) -P(2)
F f21)#1-F (213) -Ff21)




Table 1. Crystal data and structure refinement for ld’, Chapter V, Part B.






Unit ceil dimensions a = 14.8156(2) Â cx = 900
b = 21.3172 (4) fi f3 = 95.3930(10)°
c = 16.7458(3) Â y = 90°
Volume 5265.37(15)Â3
Z 4
Density (calculated) 1.577 g/cm3
Absorption coefficient 3.732 mm’
F(000) 2492
Crystal size 0.18 x 0.05 x 0.05 mm




Independent reflections 4733 [Rri = 0.0221
Absorption correction Semi-empiricai f rom equivalents
Max. and min. transmission 1.0000 and 0.7700
Refinement method Fuli-matrix least-squares on FA2
Data / restraints / parameters 4733 / 0 / 425
Goodness-of-fit on FA2 1.043
Final R indices [I>2sigma(I)] Ri = 0.0613, wR2 = 0.1782
R indices (ail data) Rl = 0.0684, wR2 = 0.1889
Largest diff. peak and hole 1.833 and -1.355 e/Â3
XCVIII
o Table 2. Bond lengtlis [À] and angles
[0] for ld’, Chapter V, Part B.



































































































































C(8) -Nf2) -C f6)
Cf8)-Nf2) -CUl
C(6) -N (2) -CUl
Cfi3) -N f3) -C (9)
Cfi3)-Nf3) -Cul
Cf9) -Nf3)-CUi
C(6) -N(4) -C f7)
C(8) -N (5) -C f7)
Nf1) -C fi) -C(2)
Cf3) -C f2) -C (1)
Cf2) -C f3) -C(4)
CfS) -C f4) -C (3)
N(i) -Cf5)-Cf4)
Nfi) -C f5) -C f6)
C(4) -C f5) -C f6)
Nf4) -C (6) -N f2)
Nf4) -C (6) -C (5)
Nf2) -C f6) -C(5)
51(4) -C (7) -N (5)
Nf4) -C (7) -C (14)
Nf5)-Cf7) -Cf14)
Nf5) -C f8) -51(2)
Nf5) -C f8) -C(9)
Nf2) -C (8) -C (9)
N(3) -C f9) -CfiO)
N(3) -C (9) -C (8)
C (10) -C f9) -C(8)
C (9) -C (10) -C f ii)
C(10) -C fil) -Cfi2)




C (19) -C f14) -C (7)
C (15) -C (14) -C (7)
C(i6) -C(15) -C(i4)
Cfi7) -C (16) -C(i5)
C fi6) -C (17) -C f18)
C (16) -Cfi7) -BR1
C(18) -Cf17)-BRi
C (19) -Cf18) -C fi7)
C (18) -Cfi9) -C f14)
Ffli)-Pfl)-Ffi5)
F(li) -P fi) -Ffii2)



























































Ff11) -Pfl) -Ff116) 146.4 (7) Ff116) -P (1) -F f111) 173.0 (5)
F f15) -P fi) -F f116) 105.8 f6) F f113) -P fi) -Ff111) 86.1 f5)
Ff112)-Pfl)-Ff116) 97.6(1) Ff14)-P(1)-Fflll) 112.3f5)
Ff11) -P fi) -F f113) 56.2 f6) F f115) -P (1) -Ff111) 90.5 (6)
Ff15) -P fi) -F (113) 151.8 f6) Ff12) -Pfl) -Ff111) 79.0 f1)
Ff112)-Pfl)-F(113) 92.9(9) Ff16)-Pfl)-Fflll) 154.8f5)
Ff116) -P(1) -Ff113) 92.5 f6) F(11) -P fi) -Ff114) 78.4 (5)
Ffll)-P(1)-Ff14) 94.1f5) Ff15)-Pfl)-Ff114) 68.9f7)
Ff15)-Pfl)-Ff14) 99.4f8) Ff112)-Pfl)-Ff114) 170.9f8)
Ff112)-Pfl)-Ff14) 151.1f8) Ff116)-Pfl)-Ff114) 90.9(4)
Ff116)-Pfl)-Ff14) 60.9f6) Ff113)-Pfl)-Ff114) 89.9f4)
Ff113)-Pfl)-Ff14) 70.7(4) Ff14)-Pfl)-Ff114) 37.6f4)
Ff11) -P fi) -F f115) 119.4 f8) F f115) -P fi) -F (114) 81.9 f6)
Ff15)-Pfl)-Ff115) 20.8f7) Ff12)-Pfl)-Ff114) 155.9f8)
F(112)-Pfl)-F(115) 94.8(1) Ff16)-Pfl)-Ff114) 106.3(4)
Ff116) -P (1) —Ff115) 89. 9f6) Ff111) -P fi) -Ff114) 82.3 f4)
Ff113) -Pfl) -Ff115) 171.5 f6) Ff11) -Pfl) -Ff13) 87.9 f7)
F(14)—Pf1)-Ff115) 103.6(6) Ff15)-Pfl)-Ff13) 169.2(7)
Ffll)-Pfl)-Ff12) 92.70(11) Ff112)-P(1)-F(13) 66.1(8)
Ff15)-Pf1)-Ff12) 91.lfl) Ff116)-?fl)-Ff13) 70.0f5)
Ff112)-Pfl)-Ff12) 15.60f13) Ff113)-Pfl)-Ff13) 38.8(4)
Ff116)-Pf1)-Ff12) 107.9f1) Ff14)-Pfl)-Ff13) 87.3(5)
Ff113)-Pfl)-Ff12) 103.7(9) F(115)-Pf1)-Ff13) 149.1(7)
Ff14)-Pfl)-Ff12) 166.4f9) Ff12)-Pfl)-F(13) 81.1f8)
Ff115)-Pfl)-Ff12) 83.2(1) Ff16)-P(1)-Ff13) 84.2(5)
Ff11) -P fi) -F f16) 172.1 f7) Ff111) -P (1) -F (13) 112.3 f5)
FflS)-Pf1)-F(16) 87.8(6) F(114)-Pfl)-Ff13) 120.3(4)
Ff112)-Pfl)-Ff16) 80.0(1) 0f24)-Cf22)-C(21) 129.80f15)
Ff116) -Pf1) -Ff16) 29.6 f4) 0f24) -Cf22) -Cf23) 111.10(11)
Ff113)-Pfl)-Ff16) 116.9f6) Cf21)-cf22)-Cf23) 118.90(15)
Ff14)-Pf1)-Ff16) 86.4f4) 0f34)-cf32)-cf31) 126(2)
Ff115) -Pfl) -Ff16) 68.0 f6) 0f34) -Cf32) -Cf33) 117f2)
F (12) -Pfi) -Ff16) 85.30 fil) Cf31) -cf32) -C(33) 116 f2)
























Max. and min. transmission
Refinernent method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigmafl)]
R indices fali data)
Largest diff. peak and liole
garl 19






a = 8.9622(3) Â
b = 33.0144(8) Â











Serni-empirical f rom equivalents
1.0000 and 0.7500
Fuli-matrix least-squares on F’2
7253 / O / 588
1.002
Ri = 0.0380, wR2 = 0.0988
Ri = 0.0477, wR2 = 0.1096



































































C (30) -C (31)
C(31)-C(32)
C(32) -C (33)
C (34) -C (39)





































































































C(8) -N (5) -C (7)
C (21) -N (6) -C (25)
C(21) -N(6) -FE1
C(25) -N (6) -FE1
C (26) -N(7) -C(28)
Cf26)
-Nf7) -lEi
C (28) -N(7) -FE1
C (33) —N f8) —C (29)
C (33) -N(8) -FE1
C(29) -N(8)-FE1
C(26) -N(9) -C(27)
C (28) -NflO) -C (27)
Nfl) -C (1) -C (2)
C(3) -C(2) -C(1)





































































N(4) -C(7) -C (14)





C (10) -C (9) -C (8)
C(9) -Cfi0) -Cf1i)
C (12) -Ccli) -C (10)
C(13) -C(12) -C(11)
N(3)-C(13)-C(12)
C (15) -C(14) -C(19)
C(15)-C(14) -C(7)
C(19) -C(14) -C(7)
C(16) -C(15) -C (14)
C (15) -C (16) -C (17)
C(18) -C(17) -C(16)
C(18) -Cf17) -Cf20)
C (16) -Ccl?) -C (20)
C(19) -C(18) -C(17)
C (18) -C(i9) -C (14)
N(6)-C(21) -C(22)
C (23) -C(22) -C(21)
C(22) -C(23) -C(24)








N(10) -C (27) -N(9)
N (10) -C (27) -C (34)
Nf9) -C (27) -C (34)
N(l0)-C(28)-N(7)
N(10) -C (28) -C (29)
Nf7)-C(28)-C (29)
Nf8) -C (29) -C (30)
118 .7(2)














































N(8) -Cf29) -C (28)
Cf30) -Cf29) -C(28)
C(29) -C(30) -C(31)
C(30) -C (31) —C (32)
C (31) -C (32) -C (33)
N(8) -C (33) -C(32)
C (39) -C (34) -C (35)
C(39) -C (34) -C (27)
C(35) -C(34) -C(27)
C(36) -C (35) -C (34)
C (35) -C (36) -C (37)
C(36) -C(37) -C(38)
C(36) -C (37) -C (40)
C (38) -C (37) -C (40)
C (39) -C (38) -C (37)
C (38) -C (39) -C (34)
Ff15) -P fi) -F (14)
Ff15)-P(1) -Ff11)
F (14) -P fi) -Ff11)
FflS)-P(1) -Ff12)
F(14) -P (1) -Ff12)
Ff11) -P fi) -Ff12)
Ff15) -P(1) -F (13)
Ff14) -P (1) -Ff13)
F (11) -Pfl) -Ff13)
Ff12)-Pfl)-F(13)
Ff15) -PCi) -Ff16)
F (14) -Pfl) -Ff16)
Ff11) -Pfl) -F (16)
Ff12)-Pfl)-F(16)
F(13)-P(1)-Ff16)
F (26) -P (2) -Ff25)
F(26)-Pf2)-F(21)
Ff25) -P (2) -F f21)
Ff26) -Pf2) -Ff22)
Ff25) -P (2) -F (22)
F(21) -P (2) -Ff22)
F(26)-Pf2)-Ff23)
Ff25)-P(2) -Ff23)
Ff21) -P (2) -Ff23)
F(22)-Pf2)-Ff23)
Ff26) -P (2) -F (24)
F(25)-P(2)-F(24)
F (21) -P f2) -Ff24)
Ff22) -P f2) -F (24)





































































Max. and min. transmission
Refinernent metliod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigmafl)J
R indices (all data)
ghl O






a = 22.1997 f19) À
b = 22.1997(19) À










2597 [Rint = 0.0501
Serni-empirical f rom equivalents
0.7700 and 0.5100
Full-matrix least-squares on F2
2597 / O / 152
1.073
R1 = 0.0354, wR2 = 0.0943




Largest diff. peak and liole 0.778 and -0.511 e/À3
clv
Table 2. Bond lengtlis [Â] and angles [OJ for 25, Chapter V, Part B.
o
Cc (1) -N(2) 41
Co(l)-Nf2)
Cc (1) -N(l) 42
Co(l) -N(1)#3







































N(2) -Cc fi) -N(1)
Nfl)42-Co(i) -N(1)


















































F (2) -P (1)-F (1)44
F(2)#4-Pfl) -F(i)
Ff2) -p fi) -Ff1)
F (1)44-P (1) -Ff1)
Ff2)44-P(1) -F(3)




F (2) -P fi) -F (3)44
F (1)44-P fi) -F (3)44
Ff1) -P(1)-F(3)#4
F(3) -P(1) -F (3)44
N(1) -C fi) -C(2)
C(3) -C(2) -C (1)
Cf2) -C (3) -C (4)
C(5) -C(4) -C (3)
N(1) -C (5) -C (4)
Nfl) -Cf5)-C(6)
C(4) -C(5) -C (6)
Nf3) -C (6) -N (2)
N(3)-Cf6)-C(5)
Nf2) -C (6) -C(5)
C(1) -Nfi) -C f5)
C(1) -N fi) -Cc fi)
Cf5) -N fi) -Cc (1)
C(6) -N(2) -Cf6)#2




Nf3) -C f7) -C f8)
Nt3) 42-C (7) -C (8)
C(9)#2-C(8) -Cf9)
Cf9)#2-Cf8) -C f7)
C(9) -C (8) -C(7)
C (10) -C (9) -C (8)
Cf9) -CfiO) -Cfil)
C(10)#2-Cfll) -C(10)



































































Nax. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigmafl)]
R indices (ah data)
Largest diff. peak and hole
gar22O






a = 22.2925(3) Â
b = 22.2925(3) A










1928 [Rint = 0.033]
Semi-ernpirical f rom equivalents
1.0000 and 0.8400
Fuli-matrix least-squares on F2
1928 / O / 153
1.094
Ri = 0.0416, wR2 = 0.1140
Ri = 0.0566, wR2 = 0.1365


































P (1) -F (11)
Pfl) -F (13)4*4
PCi) -Ff13)
P (1) -F (12)4*4





































































Nfi) -c fi) -c (2)
c(3) -C (2) -C fi)
Cf2)-C(3) -C(4)
C(5) -C(4) -C (3)
14(1) -C (5) -C (4)
Nf1)-C(5) -Cf6)




Nf3) -Cf7) -Nf3) 43
Nf3) -C f?) -c(8)
N(3)43-Cf7) -C(8)
C (9) -Cf8) -c (9)43







F (11)4*4-pCi) -F (11)
F (11)4*4-P (1)-F (13)44
Ff11) -P (1) -F (13)4*4
Ffll)#4-P(1) -Ff13)
Ff11) -Pfl)-Ff13)
Ff13) 44-P (1) -Ff13)
F (11)4*4-P (1)-F (12) #4
Ff11) -PCi) -F (12)4*4
F (13)4*4-P (1)-F (12)4*4
F (13) -P (1) -Ff12) 44
Ffll)44-Pfl) -Ff12)
Ff11) -P(i) -F (12)
F(13)4*4-P(1) -Ff12)
Ff13) -PCi) -F (12)


































































Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (ail data)
Largest diff. peak and hole
gar1i5






a = 22.1672(6) À
b = 22.1672(6) Â
c = 16.8029(10) Â









1494 [Rint = 0.0671
Semi-empirical f rom equivalents
0.9400 and 0.9400
Fuil-matrix least-squares on F2
1494 / O / 153
1.049
Rl = 0.0302, wR2 = 0.0830
Rl = 0.0435, wR2 = 0.0983

































C (11) -C (12)



































































Cfl) -N (1) -Cf5)
C(1) -Nt;) -CUl







Cf2) -C (3) -C(4)
C(5) -C (4) -C(3)
N(l) -C f5) -C(4)






51(3) -C (7) —C (8)




C (10) -C(9) -C(8)
C (9) -C (10) -C fil)
C (10) 42-C (11)-C (10)
C(10)42-C(11) -C (12)
C (10) -C (li) -C (12)




F(12) -P (2) -Ff13)
Ff12)44-P(2) -Ff13)
Ff13)#4-Pf2) -Ff13)




Ff12) -P(2) -F (11)44
Ff12)44-P(2) -F(11)#4
F(13)#4-Pf2) -Ffll)44


























































Max. and min. transmission
Refinement metliod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices ÇI>2siginafl)]
R indices fali data)
Largest diff. peak and liole














9061 [Rnt = 0.0401
Semi-empirical f rom equivalents
0.8100 and 0.5200
Fuil-matrix least-squares on F2
9061 / O / 642
1.035
R1 = 0.0515, wR2 = 0.1294
R1 = 0.0651, wR2 = 0.1366
0.950 and -0.488 e/Â3








Unit celi dimensions a = 10.1585(2) Â
b = 11.4649(2) Â




y = 113.1240 flO)°
cx






























































































































P (1) -F (11)
P(l) -F(14)
P (2) -F (21)

































Nfl) -C (1) -C (2)




































































C(6) -C (7) -Cf8)
C(7) -C(8) -C(9)
Cf7) -C(8) -C(16)
Cf9) -C(8) -C (16)
C(10) -C(9) -C (8)
N(2) -C (10)
-C(9)
N (2) -C (10) -C(11)
C (9) -c (10) -c (11)
N(3) -C(11) -C(12)










C (17) -c (16) -c (21)
Cf17)-C (16) -C(8)
Cf21) -C(16) -Cf8)
C (18) -c (17) -c (16)
C(19)
-C(18) -C(17)
C (18) -c (19) -C (20)
C (18) -Cf19)—3R1
Cf20)-Cf19)-BR1
C (21) -C (20) -C (19)







C (27) -N (5) -FE3
C (36) -N(6) -C (32)
C(36)-N(6)—FE3
C (32) -N(6) -FE3








C (25) -C (26) -C (27)
N(5)-C(27) -C(28)
N(5) -C(27) -C (26)
C (28) -C(27) -C(26)
C (27) -Cf28) -Cf29)
C (30) -C (29) -C (28)
C (30) -C (29) -C (37)
C(28) -C (29) -C(37)
C (31) —C (30) —C (29)









































































































C (30) -C (31) -C (32)
N(6) -C(32) -C(33)
N(6) -C (32) -C (31)
C (33) -C (32) -C (31)
C (32) -C (33) -C (34)
C(33) -C(34) -C(35)
C (36) -C (35) -C (34)
N(6) -C(36)-C(35)
C (42) -C (37) -C (38)
C (42) -C (37) -C (29)
C (38) -C (37) -C (29)
C (39) -C(38) -C (37)
C (38) -C(39) —C(40)
C(39) -C (40) -C (41)
C(39)-C(40) -BR2
C(41)-C (40) -3R2
C(42) -C (41) -C (40)
C (41) -C(42) -C (37)
F(12) -Pf1) -F (13)
F(12)-Pfl) -F(16)
F(13)-P(1) -Ff16)





Ff16) -P fi) -Ff11)
F (15) -P fi) -Ff11)






F (21) -P (2) -F f25)
Ff21) -P (2) -Ff22)
Ff25) -Pf2)-F (22)
Ff21) -P f2) -Ff23)
Ff25) -P (2) -Ff23)
Ff22) -P (2) -F(23)
Ff21) -P (2) -F (24)
Ff25) -P f2) -F (24)
Ff22) -P f2) -Ff24)
Ff23)-Pf2) -Ff24)




Ff24) -P (2) -Ff26)
























P1ax. and min. transmission
Refinement metliod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (all data)
Largest diff. peak and liole






a = 10.7253(9) Â
b = 15.1165 (11) Â










8842 [Rint = 0.069]
Semi-empirical f rom eguivalents
0.5300 and 0.2100
Full-matrix least-squares on F2
8842 / o / 634
1.023
R1 = 0.0711, wR2 = 0.1894
R1 = 0.0820, wR2 = 0.2312
1.175 and -1.694 e/Â3







Bond lengtlis [ÀJ and angles [0] for [Fe(lb)2] (do4)2, Chapter




Fe (1) -N (3)

















































C (31) -C (32)
C(32) -C (33)















































































































































































o C (1) -c (2) -c (3) 121.2 (5) N(9) -C(26) -c (25) 125.3 (4)C (2) -c (3) -c (4) 117.8 (5) Nt?) -C (26) -C (25) 111.0 (4)C(3)
-C(4) -C(5) 118.8 (5) Nf10) -C(27) -N(9) 125.1 (4)
N(1) -C(5) -C(4) 122.6 (4) N(10) -C(27) -C(34) 116.9 (4)
N(1) -C (5) -C (6) 114.2 (4) N(9) -C (27) -C(34) 117.8 (4)
Cf4)-C(5)-C(6) 123.2(4) N(1O)-C(28)-N(7) 124.9(4)
N(4)-C(6)-N(2) 123.3(5) N(10)-C(28)-C(29) 124.2(4)
N(4) -C (6) -C (5) 125.9 (5) N(7) -C (28) -C (29) 110.9 f4)
N(2) -C(6) -C(5) 110.7 (4) N(8) -C(29) -C(30) 123.3 (4)
Nf4)-C(7)-N(5) 124.7(4) N(8)-C(29)-C(28) 112.7(4)
N(4) -C(7) -C(14) 117.3 (5) C(30) -C(29) -C(28) 124.1 (4)
N(5) -C (7) -C (14) 117.9 (5) C(29) -C (30) -C (31) 119.0 (4)
N(2) -C(8) -N(5) 124.9 (5) C(32) -C(31) -C(30) 118.0 (5)
N(2) -C(8) -C(9) 110.5 (4) C(33) -C(32) -C(31) 120.0 (4)
N(5) -C(8) -C(9) 124.5 (4) N(8) -C(33) -C(32) 123.1 (4)
N(3) -C(9) -Cf10) 123.2 (4) C(39) -C(34) -C(35) 119.3 (4)
N(3) -C(9) -C(8) 112.6 (4) C(39) -C(34) -C(27) 120.2 (4)
C(10) -C(9) -Cf8) 124.2 (4) Cf35) -C(34) -C(27) 120.5 (4)
C(9) -C(10) -C(11) 117.7 (4) C(36) -C(35) -C(34) 119.9 (5)
C(12) -C(11) -C(10) 119.0 (5) C(37) -C(36) -C(35) 119.4 (4)
C(13) -C(12) -C(11) 119.7 (5) C (36) -C (37) -C (38) 121.7 (4)
N(3)-C(13)-C(12) 122.5(4) C(36)-C(37)-3R2 119.0(3)
C(19)-C(14)
-C(15) 119.0(4) C(38) -C(37) -3R2 119.2(4)
C(19) -C(14) -C(7) 122.0 (5) C(39) -C(38) -C(37) 118.3 (5)
C(15) -C(14) -C(7) 119.0 (5) C(38) -C(39) -C(34) 121.2 (4)
Cf16)-C(15)-C(14) 119.4(5) O(11)-CL1-O(12) 110.2(3)
C(17)-C(16)-C(15) 119.8(5) O(11)-CL1-0f13) 109.6(2)
C(18)-C(17)-C(16) 121.9(5) O(12)-CL1-O(13) 109.2(2)
Cf18)-C(17)-BR1 119.9(4) O(11)-CL1-O(14) 109.8(2)
C(16)-C(17)-3R1 118.1(4) O(12)-CL1-O(14) 108.7(2)
C(17)-C(18)-C(19) 118.9(5) O(13)-CL1-O(14) 109.4(2)
C(14)-C(19)-C(18) 121.0(5) O(24)-CL2-O(21) 109.0(3)
N(6)-C(21)-C(22) 122.2(5) O(24)-CL2-O(23) 109.5(3)
C(23) -C(22) -C(21) 120.2 (5) 0(21) -CL2-0(23) 109. 9(3)
Cf22)-C(23)-C(24) 118.7(5) 0(24)-CL2-0(22) 109.6(3)
C(25) -C(24) -C(23) 118.5 (5) 0(21)-CL2-0(22) 109.5(3)
N(6) -C (25) -C (24) 122.7 (5) 0 (23) -CL2-0 (22) 109.3 (3)
N(6) -C (25) -C (26) 112.8 (4) N(53) -C (52) -C (51) 178.2 (6)
C (24) -C (25) -C(26) 124.5 (4) N(63) -C (62) -C (61) 179.3 (6)













Max. and min. transmission
Refinement metliod
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (ah data)
Largest diff. peak and hole
gary8i






a = 27.0294 (15) Â
b 9.2400(5) Â










5939 [R(int) = 0.0721
Semi-empirical f rom equivalents
0.7700 and 0.2900
Full-matrix least-squares on F2
5939 / 27 / 641
1.012
Ri = 0.0779, wR2 = 0.2064
Ri = 0.1463, wR2 = 0.2373
1.746 and -1.438 e. Â3
Table h. Crystal data and structure refinement for













Table 2. Bond lengtlis [Â] and
Chapter VI.
angles [] for [Fe(lc)2] (PF6) (do4),o
Fe-N(9) 1.876(9) C(29)-C(34) 1.393(15)
Fe-Nf2) 1.879 (9) C(29) -c (30) 1. 419 (16)
Fe-N(8) 1.982 (9) C(30) -C(31) 1 .378 (15)
Fe-N(3) 1.983(8) C(31)-c(32) 1.446(18)
Fe-N(l) 1.987(8) C(32)-C(33) 1.367(18)
Fe-N(l0) 1.993(9) C(32)-Br(2) 1.919(13)
N(l)-C(1) 1.344(12) C(33)-Cf34) 1.385(16)
N(1)-C(4) 1.363(12) Pf1)-F(16) 1.547(8)
N(2)-C(7) 1.334(12) P(1)-F(13) 1.575(8)
N(2) -C(5) 1.346(11) P(l) -F (12) 1.586 (7)
N(3)-C(11) 1.305(12) Pf1)—F(11) 1.602(9)
N(3) -C(8) 1.344 (12) P (1) —F(15) 1. 614 (9)
N(4)-C(3) 1.306(13) P(1)-F(14) 1.617(8)
N(4)-C(2) 1.340(13) C1-O(11) 1.425(8)
N(5)-C(5) 1.319(12) C1-o(14) 1.436(8)
N(5)-C(6) 1.352(13) dl-O(12) 1.438(8)
N(6)-C(7) 1.323(12) C1-O(13) 1.457(8)
N(6)-C(6) 1.343(12) C(41)-C(42) 1.52(2)
N(7)-C(10) 1.313(13) c(42)-N(43) 1.08(2)
N(7) -C(9) 1.337 (12) C(51) -C(52) 1.523 (19)
N(8)-C(21) 1.361(13) C(52)-N(53) 1.132(18)
N(8)-C(18) 1.364(12) C(61)-C(62) 1.395(19)
N(9)-C(24) 1.337(12) C(62)-N(63) 1.135(15)
Nf9) -C(22) 1 .340 (13) C(71) -C(72) 1 .491 (19)
N(10)-C(28) 1.325(13) c(72)-N(73) 1.120(16)
N(10)-C(25) 1.369(12) N(9)-FE-N(2) 178.0(4)
N(11)-C(20) 1.335(13) N(9)-FE-N(8) 80.5(4)
N(11)-C(19) 1.354(14) N(2)-FE-N(8) 98.3(4)
Nf12)-C(22) 1.336(13) N(9)-FE-N(3) 98.6(4)
N(12)-C(23) 1.370(13) N(2)-FE-N(3) 79.7(4)
N(13)-C(24) 1.325(13) N(8)-FE-N(3) 89.8(3)
N(13)-C(23) 1.353(14) N(9)-FE-N(1) 101.4(4)
N(14)-C(27) 1.321(14) N(2)-FE-N(1) 80.2(4)
N(14)-C(26) 1.329(14) N(8)-FE-N(1) 93.9(3)
c(1)-C(2) 1.391(14) N(3)-FE-N(1) 159.9(4)
c(3)-C(4) 1.405(13) N(9)-FE-N(10) 79.0(4)
C(4)-C(5) 1.485(14) N(2)-FE-N(10) 102.2(4)
C(6)-C(12) 1.450(15) N(8)-FE-N(10) 159.5(4)
Cf7)-C(8) 1.442(13) N(3)-FE-N(10) 93.3(3)
C(8) -C(9) 1.407 (14) N(1) -FE-N(10) 90.0 (3)
c(10)-C(11) 1.401(14) C(1)-N(1)-C(4) 115.1(9)
C(12)-C(17) 1.369(14) C(1)-N(1)-FE 130.5(7)
C(12)-C(13) 1.403(14) C(4)-N(1)-FE 114.4(7)
C(13)-C(14) 1.379(14) C(7)-N(2)-C(5) 117.0(9)
C(14)-C(15) 1.387(15) C(7)-N(2)-FE 121.1(7)
C(15)-C(16) 1.356(14) C(5)-N(2)-FE 121.8(7)
C(15)-3r(l) 1.913(12) C(11)-N(3)-C(8) 116.7(9)
cf16)-C(17) 1.360(14) C(11)-N(3)-FE 129.7(8)
C(18)-C(19) 1.368(15) c(8)-Nf3)-FE 113.6(6)
C(20) -C(21) 1.372 (15) c(3) -N(4) -C(2) 116.6(1)
c(21)-C(22) 1.468 (14) C(5)-N(5) -C(6) 115.6(9)
c(23)-Cf29) 1.463(15) C(7)-N(6)-C(6) 116.7(9)
C(24) -C(25) 1.434 (15) C (10) -N(7) -C(9) 113 .7 (9)
C (25) -C (26) 1.375 (15) C (21) -N(8) -C(18) 116.1 (9)Q C(27) -C(28) 1 .418 (15) C(21) -N(8) -FE 115.3 (7)
CXVII
O C(18)-N(8) -FE 128.5 (8) N(12)-C(22)-C(21) 124.10(11)C (24) -N(9) -c (22) 118.6 (9) N(9) -Cf22) -C(21) 112.5 (1)
Cf24)-Nf9)-FE 121.8(8) N(13)-C(23)-N(12) 125.9(1)
Cf22) -Nf9) -FE 119.6 (7) N(13) -Cf23) -C(29) 116.6 (1)
C (28) -N(10) -c (25) 117.4 (9) N(12) -Cf23) -c (29) 117.40 (11)
C(28) -N(10) -FE 128.3 (8) N(13) -Cf24) -N(9) 123.40(11)
C(25) -N(10) -FE 114.3 (8) N(13) -C(24) -C(25) 125.9(1)
C(20) -N(11) -C(19) 116.1 (1) N(9) -C(24) -C(25) 110.7(1)
C(22) -N(12) -C(23) 113.9(1) N(10) -C(25) -C(26) 121.20(11)
C(24)-Nf13)-Cf23) 114.7(9) N(10)-C(25)-C(24) 114.0(1)
C(27) -N(14) -C(26) 117.3(1) C(26) -C(25) -C (24) 124.7(1)
Nfl) -c (1) -C (2) 122.3 (1) N(14) -C (26) -C(25) 121.70 (11)
Nf4) -C (2) -C (1) 122.00 (11) N(14) -C (27) -Cf28) 122.60 (11)
N(4) -Cf3) -C(4) 122.8(1) N(10) -Cf28) -C(27) 119.60(11)
N(1) -Cf4) -C(3) 121.2 (1) C(34) -C(29) -C(30) 118.70(11)
Nf1) -C(4) -C(5) 114.2 (9) Cf34) -C(29) -C(23) 120.90 (11)
C (3) -C (4) -C (5) 124.4 (1) C (30) -C (29) -C (23) 120.30 (11)
N(5)
-C(5) -N(2) 123.8 (9) C(31) -C(30) -C(29) 120.40 (12)
N(5) -Cf5) -C(4) 126.7 (9) C(30) -Cf31) -Cf32) 117.20 (13)
Nf2) -C (5) -Cf4) 109.4 (9) C (33) -C(32) -C (31) 123 .90 (12)
Nf6) -C(6) -Nf5) 123.7(1) Cf33) -C(32) -BR2 119.0 (1)
Nf6) -C(6)-C(12) 117.7(1) Cf31)-C(32)-BR2 117.10 (12)
Nf5)-C(6)-C(12) 118.6(9) C(32)-C(33)-C(34) 116.30(13)
N(6) -Cf7) -N(2) 123.1 (9) C(33) -C(34) -C(29) 123.40 (13)
N(6)-C(7)-C(8) 127.1(1) F(16)-P(1)-F(13) 91.1(5)
N(2) -C (7) -C (8) 109.8 (9) F (16) -p (1) -F (12) 91.7 (5)
N(3)-C(8)-C(9) 120.0(9) F(13)-P(1)-F(12) 88.9(4)
Nf3)-C(8)
-C(7) 115.6(9) Ff15) -Pf1)-F(11) 177.6(5)
C(9)-C(8)-Cf7) 124.3(1) Ff13)-Pf1)-Ffll) 89.9(5)
Nf7) -C (9) -C(8) 123 .80 (11) F (12) -P fi) -Ff11) 90.5 (5)
Nf7)-Cf10)-Cf11) 124.0(1) Ff16)-Pf1)-F(15) 89.9(5)
Nf3)-Cf11)-Cf1o) 121.8(1) Ff13)-P(1)-F(15) 179.0(5)
C (17) -C(12) -C(13) 117.4(1) Ff12) -P (1) -Ff15) 90.9 (4)
Cf17)-Cf12) -C f6) 121.8(1) Ff11) -P (1) -Ff15) 89.1(5)
Cf13)-Cf12)-Cf6) 120.8(1) F(16)-Pfl)-Ff14) 88.9(4)
Cf14)-Cf13)-Cf12) 122.40(11) Ff13)-Pfl)-Ff14) 91.0(4)
C(13)-Cf14)-CflS) 116.1(1) Ff12)-Pf1)-Ff14) 179.4(5)
Cf16)-Cf15)-Cf14) 122.70(11) Ffll)-Pfl)-Ff14) 88.9(4)
Cf16)-Cf15)-BR1 119.8(9) Ff15)-Pfl)-Ff14) 89.1(4)
C(14)-Cf15)-BR1 117.5(8) Ofll)-CL-0f14) 109.5(5)
Cf15)-Cf16)-C(17) 119.40(11) Ofll)-CL-0f12) 108.6(5)
Cf16)-Cf17)-Cf12) 121.60(11) 0f14)-CL-0f12) 110.0(5)
Nf8)-Cf18)-Cf19) 119.9(1) Ofll)-CL-0f13) 108.7(5)
Nfli)-Cf19)-Cf18) 123.80(11) 0f14)-CL-0f13) 109.1(5)
Nfll)-Cf20)-Cf21) 121.40(11) 0f12)-CL-0f13) 110.8(5)
Nf8) -C (21) -C f20) 122.7(1) Nf43) -C (42) -C f41) 176 f4)
Nf8) -C (21) -C (22) 112.0 f1) N (53) -C (52) -C f51) 177(3)
Cf20) -Cf21) -C(22) 125.20(11) Nf63) -Cf62) -Cf61) 176.10 f16)
Nf12)-Cf22)-N(9) 123.3(1) Nf73)-Cf72)-Cf71) 162(4)
o
CXVIII





















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)1
R indices fall data)
Largest diff. peak and hole
gary9l






a = 19.4190(4) Â
b = 10.2896(2) Â










3342 [Rint = 0.048]
Semi-empirical f rom eguivalents
0.5500 and 0.2200
Full-matrix least-squares on F2
3342 / 69 / 387
0.951
R1 = 0.0603, wR2 0.1543
R1 = 0.0877, wR2 = 0.1700







Table 2. Bond lengt:hs [Â] and angles [0] for {Fe(ld)21 (do4)2, chapter























































































































































C (15) -C (10) -C (li)
C(i5)-C(i0)-Cf8)










C (18) -C (16) -C (17)
C (16) -C(18) -C(19)





























































































Appendix 10: Supplementary information for chapter VII.




















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)J
R indices (ah data)
Largest diff. peak and hole






a = 17.2216 f15) Â
b = 27.920(2) Â
c 13.7457 f12) Â









8070 [Rint = 0.0721
Semi-empiricai f rom equivalents
0.8600 and 0.5100
Fuli-matrix least-squares on F2
8070 / 144 / 904
1 . 062
Ri = 0.1034, wR2 = 0.3117
Ri = 0.1386, wR2 = 0.3300





O To finish the structure, it was decided to use the PLAT0N (Spek, 2000)facility SQUEEZE to liandie the disordered solvent. PLATON identified a
remarkably large potential solvent volume of 1057.9Â3, or 16.1% of the celi
volume. The use 0f PLATON/SQUEEZE resulted in a 2.6% improvement in Rl while
correcting for 193 electrons/cell. The reported structure is based on the
PLATON/SQUEEZE corrected data. The actual solvent content is unknown, so
several quantities reported in table 1 [empirical formula, density,
absorption coefficient, Ff000)] are incorrect and should 5e indicated as such
in future publications.
Table 2. Atomic coordinates (x i0) and equivalent isotropic
dispiacement parameters (Â2 x 10) for [CuL1]2(PFG)2, chapter VII.
Ueq is defined as one third of the trace of the orthogonalized
Uij tensor.
0cc. X y z Ueq
Cufi) 1 2724(1) 5379(1) 1237(1) 58(1)
N(l) 1 1540(6) 4739(3) 972(7) 62(3)
Nf2) 1 3155 (5) 4681(3) 1226 (5) 45(2)
Nf3) 1 3925 (5) 5500(3) 1187 (6) 45(2)
Nf4) 1 3520(4) 6378 (2) 1971(6) 39(2)
Nf5) 1 3039 (5) 6462 (3) 3710 (7) 52(2)
Nf6) 1 5128(5) 5077(3) 1188 (5) 41(2)
Nf7) 1 5105 f5) 5931 (3) 1067 (6) 43(2)
C(l) 1 784(7) 4785(5) 978(10) 75(4)
Cf2) 1 312(7) 4449(5) 1274(10) 75(4)
Cf3) 1 645(9) 4028(6) 1618(13) 106(5)
Cf4) 1 1427(8) 3968(5) 1618(10) 79(4)
Cf5) 1 1873 (6) 4316 (4) 1292 (8) 55(3)
C(6) 1 2727(6) 4262(3) 1290(7) 46(3)
C(7) 1 3096(7) 3838(3) 1354(8) 53(3)
C(8) 1 3907(7) 3806(3) 1368 (8) 53(3)
C(9) 1 4337 (6) 4218 (3) 1322 (7) 49(3)
C(l0) 1 3934(6) 4644(3) 1245(6) 36(2)
C(ll) 1 4368 (6) 5110 (3) 1201 (6) 39(2)
C(12) 1 5490(6) 5520(4) 1140(6) 44(3)
C(l3) 1 4356(6) 5916(3) 1125(7) 42(2)
C(l4) 1 3909(6) 6366(3) 1196(8) 45(3)
C (15) 1 3893 (7) 6734 (4) 537(8) 57(3)
C(l6) 1 3431(8) 7127(4) 639(10) 72(4)
Cfl7) 1 3025(6) 7147(3) 1426(9) 58(3)
CflB) 1 3090(5) 6775(3) 2106(7) 42(2)
Cf19) 1 2734 f6) 6777 (3) 3015(8) 48(3)
C (20) 1 2111(7) 7085(4) 3159(10) 67(3)
C(21) 1 1822(8) 7056(4) 4024(11) 72(4)
C(22) 1 2135 (9) 6736 (5) 4730 (10) 84(4)
C(23) 1 2750(8) 6443(4) 4553(9) 67(3)
C(24) 1 6351(6) 5516(4) 1202(7) 47(3)
C(25) 1 6792 (7) 5097(4) 1305 (8) 59(3)
C(26) 1 7583(7) 5113(5) 1427(10) 74(4)
C(27) 1 7966 (7) 5556 (5) 1426 f9) 72(4)
C(28) 1 7553(7) 5969(4) 1317(9) 64(3)
Cf29) 1 6751(7) 5957 (4) 1209(8) 55(3)
Br(1) 1 9077(1) 5570(1) 1620(1) 103(1)
Cu(2) 1 3871 (1) 6020(1) 3286(1) 64(1)
N(8) 1 4928 f6) 6647 (3) 3484 (7) 70(3)
CXXIII
Q Nf9) 1 4934(5) 5681(3) 3585(6) 44(2)NflO) 1 3540 (5) 5256(3) 3474 (6) 50(2)
N(11) 1 2123(4) 5575(3) 2342(6) 43(2)
N(12) 1 2022(5) 5902(3) 528(6) 45(2)
N(13) 1 4142(6) 4509(3) 3833(6) 51(2)
N(14) 1 2748(6) 4581(3) 3677(6) 53(2)
Cf30) 1 4878 (9) 7107 (5) 3337(11) 90(4)
Cf31) 1 5492(11) 7378 f5) 3081(10) 89(4)
C(32) 1 6180(11) 7172(5) 3032(11) 91(4)
Cf33) 1 6249(8) 6672(4) 3205(9) 76(4)
Cf34) 1 5610 (8) 6426(5) 3436(8) 65(3)
C(35) 1 5647(7) 5898(4) 3587(6) 50(3)
Cf36) 1 6350(7) 5646(4) 3705(8) 61(3)
C(37) 1 6327(8) 5157 (5) 3808(8) 63(3)
Cf38) 1 5635(7) 4929 f5) 3813 (7) 58(3)
Cf39) 1 4943 (6) 5203 (4) 3695 f7) 48(3)
C(40) 1 4163 f7) 4973 (4) 3666(7) 50(3)
C(41) 1 3418 (8) 4330 (4) 3827(7) 56(3)
C(42) 1 2834(6) 5040(4) 3465(7) 48(3)
C(43) 1 2146 (6) 5346(4) 3193 (8) 47(3)
Cf44) 1 1552 (8) 5388 f5) 3755 (10) 81(4)
C f45) 1 956 f7) 5693 (6) 3490(11) 88(4)
Cf46) 1 923 f7) 5960 (4) 2608 (10) 69(3)
C(47) 1 1508 (6) 5882 f4) 2027(8) 47(3)
C(48) 1 1516(6) 6086(3) 1075(8) 46(3)
C(49) 1 1020(7) 6478(4) 704(10) 64(3)
C(50) 1 1060 f7) 6659 f4) -181 (11) 72(4)
C(51) 1 1592(8) 6474(4) -731(10) 76(4)
C(52) 1 2067(7) 6103(4) -344(9) 56(3)
C(53) 1 3338(8) 3786(4) 3985 (8) 59(3)
Cf54) 1 4012(8) 3518(4) 4058(8) 65(3)
C(55) 1 3954(10) 3015(5) 4210(9) 83(4)
C (56) 1 3214(12) 2837(4) 4301(9) 85(5)
C(57) 1 2539(11) 3111 (5) 4213(11) 95(4)
C(58) 1 2620 (9) 3595 (4) 4067 (9) 74(4)
Brf2) 1 3136 (2) 2167(1) 4537(1) 134(1)
P(1) 1 6408 (2) 3546(1) 2473 (2) 69(1)
Ff11) 1 6433(7) 3198(3) 3375(6) 129(3)
Ff12) 0.50 7150 f30) 3377 f19) 2280 (40) 230 f20)
Ff13) 0.50 7040(30) 3880f12) 3130(20) 153(15)
Ff14) 0.50 5707(19) 3821(15) 2880(30) 133(16)
Ff15) 0.50 5780 f30) 3221f14) 1860 (30) 140 f20)
Ff16) 1 6351(5) 3904 (3) 1551(6) 110(3)
Ff122) 0.50 7200 (20) 3630(20) 2870 f30) 240 f30)
Ff123) 0.50 6200(40) 3956(11) 3070 f30) 163 (18)
Ff124) 0.50 5591(19) 3404(15) 1980f40) 138f18)
Ff125) 0.50 6720(20) 3132(8) 1816(14) 106(9)
Pf2) 1 227(3) 7875(2) 1449(4) 109(2)
Ff21) 0.30 300 f30) 7623 f17) 580 f30) 138 f14)
Ff22) 0.30 310 f20) 7350 f30) 2230 (30) 150 f20)
Ff23) 0.30 -340 (30) 7517 f19) 810 f40) 150 f20)
Ff24) 0.30
-70(60) 8327(12) 1010(50) 210(30)
Ff25) 0.30 1130 f30) 7984 f11) 1840 f40) 150 (20)
Ff26) 0.30 -700 f40) 7760 f30) 1800 (70) 260 f40)
Ff211) 0.70 1038(11) 7690 f7) 1249 f17) 144 f6)
Ff221) 0.70 40(30) 7361 f11) 1580 f40) 255 f17)
Ff231) 0.70 175(18) 8133(16) 430(20) 243(16)
Ff241) 0.70 606 (18) 8359 f11) 1780 f30) 255 f13)
Ff251) 0.70 378f18) 7908(13) 2532f14) 223(11)
Ff261) 0.70 -588 f12) 8073(11) 1460 (20) 187 f10)
CXXIV
C Table 3. Hydrogen coordinates Cx 10) and isotropic dispiacement
parameters (Â2 x iO) for [CuL1]2(PF6)2, chapter VII.
0cc. X y Z Ueq
H(1) 1 552 5078 757 90
H(2) 1 -230 4503 1243 90
H(3) 1 342 3786 1850 127
1-1(4) 1 1665 3679 1850 95
H(7) 1 2803 3556 1391 63
Hf8) 1 4156 3506 1409 64
Hf9) 1 4885 4208 1341 58
1-1(15) 1 4193 6718 21 69
H(16) 1 3393 7377 179 86
H(17) 1 2703 7412 1504 70
H(20) 1 1901 7303 2669 80
H(21) 1 1408 7257 4138 87
H(22) 1 1936 6714 5328 101
H(23) 1 2967 6225 5042 80
H(25) 1 6536 4799 1290 71
H(26) 1 7877 4828 1513 88
H(28) 1 7816 6264 1315 76
H(29) 1 6463 6245 1140 66
H(30) 1 4406 7263 3408 108
H(31) 1 5421 7706 2942 107
H(32) 1 6608 7352 2886 109
1-1(33) 1 6722 6512 3162 91
H(36) 1 6831 5807 3714 73
H(37) 1 6796 4980 3876 76
H(38) 1 5618 4595 3894 69
Hf44) 1 1564 5201 4326 97
H(45) 1 562 5731 3889 105
H(46) 1 519 6182 2419 83
H(49) 1 665 6607 1089 77
H(50) 1 727 6911 -428 87
H(51) 1 1631 6598 -1358 91
H(52) 1 2443 5984 -713 67
H(54) 1 4498 3661 4008 78
H(55) 1 4395 2814 4247 100
H(57) 1 2047 2973 4252 114
H(58) 1 2177 3795 4023 89
cxxv
(J) Table 4. Anisotropic parameters (À2 x iO) for [CuL1]2CPF6)2, chapter VII.
The anisotropic dispiacement factor exponent takes the form:
-2 x2 [ h2 a*2 U11 + . . . + 2 li k a* b* U22 J
Uli U22 U33 U23 U13 U12
Cuti) 77(1) 38(i) 60(1) 4(1) 15(1) 24(1)
N(1) 52(7) 38(6) 96(7) 6t5) 8(5) 6(5)
Nt2) 63 (6) 28 (5) 44 (5) -10 (4) il (4) -4 (4)
N(3) 63t6) 25(5) 51(5) -1(4) 17(4) 22(4)
N(4) 44(5) 20(4) 54(5) -3(3) 11(4) 5(4)
N(5) 55(6) 35(5) 67(6) -8(4) 12(5) 4(4)
N(6) 41(5) 31(5) 50(5) -4(4) 0(4) 1(4)
N(7) 45(6) 33(5) 53(5) -2(4) 11(4) 8(4)
Cfi) 50(9) 59(9) 115(11) -4(7) 4(7) 2(6)
C(2) 58(8) 59(9) 105 (10) -11(7) 4 (7) -17(7)
C(3) 77(11) 73(11) 179(17) 31(10) 54(10) -12(8)
Cf4) 86(11) 54 (9) 96(10) 27(7) 8 (8) 0(7)
Cf5) 55(8) 48(8) 63(7) -19(6) 9(6) -14(6)
C(6) 69(8) 26(6) 42(6) -8(4) 3(5) 2(5)
Cf7) 60(8) 18(6) 79(8) -9(5) 8(6) -6(5)
Cf8) 75(9) 17(6) 66(7) -14(5) 6(6) 7(5)
Cf9) 63(7) 21(6) 61(7) -7(5) 10(5) 7(5)
Cf10) 42 (7) 26 (6) 39 (6) -3 (4) 0 (5) 0 (4)
C(11) 46 (7) 31 (6) 40 (6) -6 (4) 9 (5) -6 (5)
C(12) 60 (7) 42 (7) 30 (5) -2 (4) 5 (5) 10 (6)
C(13) 55(7) 28(6) 38(6) -3(4) -3(5) 3(5)
C(14) 52(7) 34(6) 49(6) -7(5) 7(6) 2(5)
C(15) 77(8) 47(7) 54(7) -9(6) 27(6) 7(6)
C(16) 93(9) 44(8) 82(9) 14(6) 25(8) 27(7)
C(17) 63(7) 21(6) 91(9) -1(6) 13(7) 7(5)
C(18) 44(6) 34(6) 51(6) -2(5) 12(5) 4(5)
C(19) 65 (7) 19 (6) 59 (7) -11 (5) 3 (6) 5 (5)
C(20) 69(8) 40(7) 92(10) -11(6) 11(7) 13(6)
C(21) 83 (9) 48 (8) 96 (10) -19 (7) 47 (8) 12 (6)
C(22) 116(11) 63 (9) 80 (9) 0 (7) 39 (8) 27 (8)
C(23) 94(10) 62(8) 51(7) -4(6) 30(7) 2(7)
C(24) 48(7) 52(8) 40(6) -6(5) 2(5) 10(5)
C(25) 63(8) 33(7) 82(8) —9(5) 14(6) 5(6)
C(26) 56(9) 59(9) 105(10) -21(7) 13(7) 13(7)
C(27) 75(9) 76 (10) 72(8) -18(7) 33 (7) 9(8)
C(28) 58 (8) 51 (8) 85 (9) -3 (6) 21 (7) 5 (6)
C(29) 54(8) 38(7) 75(8) 6(5) 12(6) 4(5)
Br(1) 55(1) 110(1) 144 (2) -37(1) 13(1) 8(1)
Cu(2) 89(1) 48(1) 56(1) 8(1) 17(1) 29(1)
Nf8) 66(7) 34(7) 102(8) 4(5) -15(6) -3(5)
Nt9) 60(6) 26(5) 48(5) 1(4) 13(4) -2(4)
N(10) 68 (7) 39 (5) 44 (5) 1(4) 11 (5) 14 (5)
N(11) 42(5) 22(4) 62(6) 8(4) -1(4) 3(4)
N(12) 47(5) 32(5) 56(6) 0(4) 6(4) 9(4)
N(13) 74(7) 29(6) 50(5) -5(4) 11(5) 0(5)
N(14) 73(7) 33(6) 57(6) 4(4) 22(5) -1(5)
C(30) 82(10) 52(10) 126(12) -5(8) -15(9) 6(8)
C(31) 114 (13) 46 (9) 102(11) -10 (7) -3 (10) -17 (9)
C(32) 122(14) 53(10) 96(10) -4(7) 14(10) -20(9)
C (33) 92 (10) 51 (9) 94 (9) -20 (7) 42 (8) -17 (7)
CXXVI
O C(34) 70(9) 81(10) 41(7) 7(6) 1(6) -21 (8)C(35) 80(9) 45(7) 20(5) -3(4) -4(5) -1(6)C(36) 66(8) 56(9) 59(7) -2(6) 4(6) 4(6)
C(37) 67(9) 58(9) 60(7)
-7(6) -3(6) 16(7)
C(38) 57(8) 74(8) 40(6) 6(5) 0(5) 12(7)
C f39) 66(8) 39(7) 39(6) -10 (5) 12(5) 8(6)
C(40) 83(9) 27(7) 40(6) 4(4) 7(6) 2(6)
C(41) 91(10) 34(7) 42(6) -1 (5) 7(6) -3(7)
C(42) 60(8) 39(7) 46(6) 1(5) 16(5) -9(6)
C (43) 45(7) 43(7) 52(7)
-3(5) 5(5) 2(5)
C f44) 67(9) 106(11) 72(9) 18(7) 20(7) 11(8)
C(45) 49(8) 125 (13) 96(11) 5(9) 30(7) 24(8)
C(46) 58(8) 60(8) 90(10) -5(7) 13(7) 15(6)
C(47) 39(6) 42(7) 58(7) -17(5) 7(5)
-11(5)
C(48) 46(6) 34(6) 60(7) -12 (5) 12(5) 0(5)
C(49) 56(8) 41(7) 89(9) 14(7) -8(7) 11(5)
C(50) 58(8) 42(7) 112(11) 20(8) 0(8) 15(6)
C(51) 90(10) 60(9) 77(9) 20(7) 13(8) 18(7)
Cf52) 64(8) 34(7) 66(8) -1(6) -2(6) 1(5)
C(53) 90(10) 39(7) 48(7) 7(5) 10(6) 4(7)
C(54) 102 (10) 39(8) 51(7) -7(5) -2(7) -5(7)
C(55) 122(13) 52(10) 74(9) -5(7) 8(9) 12(8)
C(56) 166 (16) 30(8) 64(8) -1(6) 30(9) -6(9)
C f57) 133 (14) 53(10) 100(11) -3(8) 20(10) -15 (9)
Cf58) 116(12) 16(7) 92(9) 15(6) 19(8) -2(6)
Brf2) 247 (3) 31(1) 123(1) 7(1) 20(2) -19(1)
P(1) 77(3) 50(2) 79(2) 2(2) 11(2) 12(2)
Ff11) 192(10) 87(6) 106(6) 32(5) 19(6) 37(6)
Ff12) 190 (40) 240 (40) 280 (50) 40(30) 140 (40) 160 (30)
Ff13) 210 f40) 110 (20) 122 (19) -18 (16) -40(20) -70 (20)
Ff14) 120 (20) 180 (30) 109(19) 70(20) 65(15) 75(19)
F(15) 250 (60) 80(20) 107(18) -35(16) 40(30) -80(30)
Ff16) 167(8) 68(5) 103(6) 14(4) 48(6)
-3(5)
Ff122) 100 (20) 340 (50) 280 (40) -240 (40) -10(20) 20(30)
Ff123) 280(50) 83(18) 150 (20) -1(14) 100 (30) 80(30)
Ff124) 72(15) 110 (30) 220 (40) 30(30) -15 (18) 4(17)
F(125) 170(30) 72(12) 69(10) -22(9) 10(12) 75(13)
P(2) 106(4) 103(4) 116(4) -13(3) 6(3) 33(3)
Ff21) 140 (40) 110 (30) 150 f30) -50(30) 20(30) 70(30)
Ff22) 90(20) 250 (60) 110 (30) 90(40) 20(20) 90(30)
Ff23) 130(40) 140(40) 170 (40) 30(30) -60(30) -70(30)
Ff24) 350(80) 15(18) 220 f50) 20(20) -110 f50) 0(30)
Ff25) 240 (50) 16(16) 160 f30) -8 f17) -90(30) —10 (20)
F(26) 170 (50) 260(70) 350 f70) 150 f60) 30 f50) 140 f50)
Ff211) 95(12) 155(17) 197(17) 50(14) 78(13) 36(11)
Ff221) 320 f50) 140 f30) 330 (50) -10(30) 130(40) 0(30)
Ff231) 250(30) 290 (40) 180 f20) 90 f20) -2(19) 140 (30)
F(241) 200 (20) 170 f30) 390(40) -100 (30) 10(30) -48(19)
F(251) 300(30) 270 (30) 92 f12) —81 (16) -9(15) -30(20)




































































































































































C (42) -C (43)
C(43)-C(44)









































































O C(52)-H(52) 0.9400 C(1)-C(2)-14f2) 121.1Cf53)-Cf58) 1.368(17) C(3)-C(2)-H(2) 121.1C(53)-Cf54) 1.372(16) C(4)-Cf3)-C(2) 118.2(12)
C(54)-C(55) 1.423(17) C(4)-C(3)-H(3) 120.9
C(54)-H(54) 0.9400 Cf2)-C(3)-Hf3) 120.9
C(55) -Cf56) 1.39 (2) C(5) -C(4) -C(3) 121.6 (12)
C(55)-Hf55) 0.9400 C(5)-C(4)-H(4) 119.2
C(56) -Cf57) 1.38 (2) C(3) -C(4) -14(4) 119.2
C(56)-Br(2) 1.907(12) C(4)-C(5)-N(1) 119.8(11)
Cf57) -Cf58) 1.376 (17) C (4) -C(5) -c (6) 122.8 (11)
C(57) -14(57) 0.9400 N(1) -C(5) -C(6) 117.3 (9)
C(58) -14(58) 0.9400 C(7) -C(6) -N(2) 119.7 (10)
P(1)-F(122) 1.42(3) Cf7)-C(6)-Cf5) 123.5(10)
P(1)-F(12) 1.43(2) Nf2)-Cf6)-C(5) 116.8(9)
P(1)-F(123) 1.48(2) C(6)-C(7) -Cf8) 121.3 (9)
P(1)-F(124) 1.52(3) Cf6)-C(7)-H(7) 119.3
P (1) -F (15) 1.55 (4) C(8) -c (7) -H(7) 119.3
P(1)
-Ff11) 1.569 (9) C(9) -Cf8) -C(7) 119.5 (9)
P(1)-F(14) 1.60(3) C(9)-C(8)-14f8) 120.3
P(1)-F(13) 1.60(2) C(7)-C(8)-H(8) 120.3
P (1) -Ff16) 1.605 (8) C (10) -C (9) -C (8) 117.3 (10)
Pf1)-F(125) 1.612(18) C(10)-C(9)-H(9) 121.4
P(2) -Ff21) 1.41(3) C(8) -C(9) -1-1(9) 121.4
P(2)-F(24) 1.46(4) N(2)-C(10)-Cf9) 124.1(9)
P (2) -Ff251) 1.475 (19) N(2) -C (10) -C(11) 115.6 (8)
P (2) -Ff221) 1.49 (3) C (9) -C(10) -C (11) 120.3 (9)
P(2) -Ff261) 1.51(2) N(6) -C(11) -N(3) 128.9 (8)
P(2)-Ff241) 1.54 f2) N(6)-C(11) -Cf10) 116.1(8)
Pf2)-F(211) 1.553(14) Nf3)-Cf11)-CflO) 114.9(9)
P (2) -Ff231) 1.56 f3) Nf7) -C(12) -Nf6) 123.5 f9)
P (2) -Ff23) 1.57 (4) Nf7) -Cf12) -C(24) 120.0 f9)
P (2) -F f25) 1.60 (4) Nf6) -C (12) -C (24) 116.4 f9)
P(2)-Ff26) 1.77(8) N(7)-C(13)-N(3) 125.1(8)
Pf2)-F(22) 1.80(5) Nf7)-C(13)-Cf14) 120.1(9)
F(21)-Ff23) 1.23(6) Nf3)-Cf13)-Cf14) 114.7(9)
F(23)-F(26) 1.72(10) N(4)-Cf14)-C(15) 123.0(9)
Ff241)-F (251) 1.71 f4) Nf4) -Cf14) -Cf13) 113.6 f9)
Nf11)-Cufl)-Nf12) 80.4(3) CflS)-C(14)-Cf13) 123.4(9)
Nfll) -Cufl) -Nf2) 118.5 f3) Cf14) -Cf15) -Cf16) 119.0 f10)
Nf12)-Cufl)-Nf2) 148.1(3) Cf14)-Cf15)-Hf15) 120.5
Nfll)-Cufl)-Nf3) 126.4(3) C(16)-Cf15)-Hf15) 120.5
Nf12)-Cu(1)-N(3) 112.5(3) Cf17)-Cf16)-C(15) 119.0(11)
Nf2)-Cufl)-Nf3) 78.3(3) Cf17)-Cf16)-Hf16) 120.5
Cf1)-Nf1)-CfS) 117.1(10) Cf15)-Cf16)-Hf16) 120.5
CflO)-Nf2)-Cf6) 118.1(8) C(16)-Cf17)-Cf18) 120.0(10)
CflO)-Nf2)-Cufl) 115.4(6) Cf16)-Cf17)-14f17) 120.0
Cf6) -N (2) -Cufi) 126.2 f7) C (18) -C (17) -14(17) 120.0
Cf11)-Nf3)-C(13) 112.1(8) Nf4)-Cf18)-C(17) 120.4(9)
Cfll)-N(3)-Cuf1) 115.7(6) Nf4)-Cf18)-Cf19) 115.1(8)
Cf13)-Nf3)-Cufl) 132.3(6) Cf17)-Cf18)-C(19) 124.5(9)
Cf14)-Nf4) -Cf18) 118.5(8) Nf5) -C(19)-Cf20) 121.4 f10)
Cf14)-Nf4)-Cuf2) 124.4(6) Nf5)-Cf19)-Cf18) 115.7(9)
C(18) -N(4) -Cu (2) 111.5 (6) Cf20) -C (19) -C f18) 123.0 (10)
Cf23) -Nfs) -C f19) 119.2 (9) Cf21) -C (20) -C(19) 118.3 (12)
Cf23)-Nf5) -Cuf2) 126.6(8) Cf21) -Cf20)-14f20) 120.9
C (19) -N (5) -Cuf2) 114.0 f7) C (19) -C(20) -H (20) 120.9
C(11) -N(6) -C (12) 113. 1(8) C (20) -C (21) -C(22) 120.1(11)
Cf13)-Nf7)-Cf12) 117.0(8) Cf20)-Cf21)-Hf21) 120.0
Nf1) -C fi) -C (2) 125.4 f12) C(22) -C (21) -H f21) 120.0
Nf1)-Cf1)-Hfl) 117.3 Cf21) -C(22)-C(23) 119.4(12)





-C(23) -C(22) 121.7 (12) C(35) -C(36) -11(36) 120.8
N(5)-C(23)-H(23) 119.2 Cf38)-Cf37)-Cf36) 120.6(11)
C(22)—Cf23)-H(23) 119.2 C(38)-C(37)-H(37) 119.7
C(25) -C(24) -C(29) 118.5 (10) C(36) -C(37) -H(37) 119.7
C(25) -C(24) -C(12) 122.8 (10) C(37) -C(38) -C(39) 118.4 (12)
C (29) -c (24) -c (12) 118.6 f9) Cf37) -C(38) -Hf38) 120.8
C (26) -C(25) -C(24) 120.7 (11) C (39) -c (38) -11(38) 120.8
C (26) -C (25) -11(25) 119.7 N(9) -Cf39) -C(38) 123.3 (11)
C(24)-Cf25)-H(25) 119.7 N(9)-C(39)-Cf40) 115.6(9)
C(25)
-C(26) -C(27) 119.8(11) C (38) -C (39) -C(40) 121.1 (10)
C(25) -Cf26) -Hf26) 120.1 Nf13) -C(40) -N(10) 125.2(11)
C(27)
-C(26) -11(26) 120.1 N(13) -C(40) -C(39) 118.0 (10)
Cf28) -Cf27) -C(26) 120.9 (12) N(10) -C(40) -C(39) 116.8 (9)
Cf28)-C(27)-Br(1) 120.1(10) Nf14)-Cf41)-N(13) 125.6(10)
C(26)
-C(27) -Br(1) 119.0 (10) N(14) -C(41) -C(53) 116.4(11)
C (27) -C(28) —C (29) 119.7 (11) N(13) -C (41) -C (53) 118.0 (11)
Cf27)-C(28)-H(28) 120.1 N(14) -Cf42) -N(10) 123.8(10)
C(29)-C(28)-H(28) 120.1 N(14)-Cf42)-Cf43) 120.5(10)
C(28) -C(29) -Cf24) 120.4 (10) N(10) -C(42) -C(43) 115. 7(9)
C(28) -C (29) -H (29) 119.8 N(11) -C(43) -C(44) 121.8 (10)
C(24) -C(29) -11(29) 119.8 N(11) -C (43) -C (42) 114.9 (9)
N(5)-Cu(2)-N(9) 150.1(3) Cf44)-C(43)-C(42) 123.2(10)
N(5)-Cu(2)-N(4) 80.4(3) C(45)-C(44)-C(43) 120.3(12)
N(9)-Cu(2)-Nf4) 122.1(3) C(45)-C(44)-H(44) 119.9
N(5)-Cuf2)-N(10) 110.0(3) C(43)-Cf44)-Hf44) 119.9
Nf9)
-Cu(2) -11(10) 76. 7(3) Cf44) -Cf45) -Cf46) 119.7(11)
N(4)-Cu(2)-N(10) 121.1(3) C(44)-C(45)-H(45) 120.2
C(30) -11(8) -C(34) 119.1 (12) C(46) -C(45) -H(45) 120.2
C(39) -11(9) -C(35) 116.4 (9) C(47) -C(46) -C(45) 118.1 (11)
C(39) -N (9) -Cuf2) 118.5 (7) C(47) -C(46) -H (46) 121.0
C (35) -N(9) -Cu (2) 124.7 (7) C(45) -C(46) -11(46) 121.0
C (40) -N(10) -C (42) 115.8 f9) 11(11) -C (47) -C (46) 120.3 (10)
C(40) -N(10) -Cu(2) 112.3 (7) 11(11) -C(47) -C(48) 115.0 (9)
C (42) -N(10) -Cu (2) 131.9 (7) C (46) -C (47) -C(48) 124.7 (10)
C(43) -N (11) -C(47) 119.7 (9) N(12) -C(48) -C (47) 117.3 (9)
C(43) -N(11) -Cufi) 125.2 (6) 11(12) -C(48) -C(49) 119.9 (10)
C (47) -N(11) -Cu (1) 112.6 (6) C (47) -C (48) -C(49) 122.8 (10)
C(48) -Nf12) -C(52) 118.4 (9) C(50) -C(49) -Cf48) 120.3 (12)
Cf48) -11(12) -Cu (1) 113 .3 f7) C(50) -C (49) -11(49) 119.8
C (52) -11(12) -Cu(1) 127.9 f7) C (48) -C(49) -H(49) 119.8
C(40) -11(13) —C(41) 114.6 (9) C(49) -C(50) -C(51) 119.6(11)
C(42)-N(14)-Cf41) 114.8(9) C(49)-C(50)-Hf50) 120.2
11(8) -C(30) -C(31) 122.8 (14) C(51) -C(50) -11(50) 120.2
Nf8) -C(30) -H(30) 118.6 Cf50) -C(51) -C(52) 118.5 f12)
C(31) -C(30) -11(30) 118.6 Cf50) -C(51) -11(51) 120.8
C (32) -C(31) -C(30) 119.8 (15) C(52) -Cf51) -11(51) 120.8
C(32) -C (31) -H (31) 120.1 N(12) -C (52) -C(51) 123.3(11)
Cf30)-C(31)-H(31) 120.1 N(12)-C(52)-H(52) 118.3
C(31)
-C(32) -C(33) 118.1 f15) C(51) -C(52) -H(52) 118.3
C(31)-C(32)-H(32) 121.0 C(58)-C(53)-C(54) 123.0(11)
C(33) -C(32) -11(32) 121.0 C(58) -C(53) -C(41) 119.8(11)
C(34)-Cf33)-C(32) 118.9(14) C(54)-C(53)-C(41) 117.1(12)
C(34)-C(33)-H(33) 120.6 Cf53)-C(54)-C(55) 118.2(13)
C(32)-C(33)-H(33) 120.6 C(53)-C(54)-H(54) 120.9
11(8) -C(34) -C(33) 121.2 (13) C(55) -C(54) -H(54) 120.9
N(8)-C(34)-C(35) 118.1(11) Cf56)-C(55)-C(54) 116.9(13)
C (33) -C (34) -C (35) 120.6 (13) Cf56) -C (55) -H(55) 121.6
11(9) -Cf35) -C(36) 122.9 (10) Cf54) -C(55) -11(55) 121.6
N(9) -C(35) -C(34) 114.7 (10) Cf57) -C(56) -C(55) 124.3 (13)
C(36) -C(35) -C(34) 122.4(11) C(57) -C(56) -Br(2) 118.5 (13)
C(37) -C(36) -C(35) 118.4(11) C(55) -C(56) -Br(2) 117.2 (13)
C(37) -C(36) -H (36) 120.8 C(58) -C (57) -C f56) 117.0 (15)
cxxx
C(58)-C(57) -Hf57)
c (56)-c (57) -Hf57)
C(53) -C(58) -C (57)
C (53) -C (58) —H(58)
C(57) -C(58) -H (58)
F(122) -P(1) -Ff12)
F(122)-P(l)-Ft123)
F (12) -P (1) -Ff123)
Ff122) -P (1) -Ff124)
Ff12) -P fi) -Ff124)
Ff123)-Pfl) -Ff124)
Ff122) -P fi) -Ff15)
Ff12) -Ff1) -Ff15)
Ff123) -P fi) -Ff15)
F (124) -P (1) -Ff15)
F (122)-P (1)-F fil)
Ff12) -P fi) -Ff11)
F (123) -P (1)-F fil)
Ff124) -P fi) -Ff11)
Ff15) -P (1) -Ff11)













F f122) -P fi) -F f16)
F(12)-P(1)-F(16)
Ff123)-P(1) -Ff16)
Ff124) -P fi) -F (16)
F (15) -Ff1) -F (16)
Ff11) -P fi) -F (16)
F (14) -P fi) -F (16)
F (13) -Pfl) -Ff16)
Ff122) -P (1) —Ff125)
F f12) -F fi) -F f125)
F (123) -P(1) -Ff125)
Ff124) -P fi) -Ff125)
F (15) -P fi) -F f125)
F (11)-P (1)-F (125)
F f14) -P (1) -F f125)
Ff13) -P fi) -Ff125)
Ff16) -P fi) -F (125)
F (21) -P (2) -F (24)
Ff21) -P f2) -Ff251)
Ff24) -P f2) -Ff251)
Ff21) -P f2) -F (221)




Ff251) -P (2) -ff261)






























































































































Ff251) -P f2) -Ff241)
Ff221) -Ff2) -Ff241)
Ff261) -Ff2) -Ff241)
Ff21) -P (2) -Ff211)
Ff24)-? (2) -Ff211)
Ff251) -Ff2) -Ff211)
Ff221) -P (2) -Ff211)
Ff261) -P (2) -F f211)
Ff241) -P (2) -Ff211)
F f21) -Ff2) -F f231)
Ff24) -P (2) -Ff231)
Ff251) -Ff2) -Ff231)
Ff221) -Ff2) -Ff231)
Ff261) -P (2) -Ff231)






Ff261) -P (2) -Ff23)
Ff241) -Ff2) -Ff23)
Ff211) -Ff2) -Ff23)
Ff231) -P (2) -Ff23)
Ff21)-Pf2) -Ff25)
Ff24) -Ff2) -Ff25)
F (251) -Ff2) -F f25)
Ff221) -P f2) -F (25)
Ff261) -P f2) -F f25)
Ff241) -P f2) -Ff25)
Ff211) -P (2) -Ff25)
Ff231) -P (2) -Ff25)





Ff261) -P f2) -Ff26)
Ff241) -P (2) -Ff26)
Ff211) -Ff2) -Ff26)
Ff231) -P f2) -Ff26)
Ff23) -Ff2) -Ff26)




Ff221) -P (2) -Ff22)
Ff261) -Ff2) -Ff22)
Ff241) -Ff2) -Ff22)
Ff211) -P (2) -Ff22)
F (231) -P (2) -F f22)










Ff2) -F f241) -Ff251)
Ff2) -Ff251) -Ff241)o




















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)1
R indices (ail data)
Largest dif f. peak and hole
refinement for [2 x 2] Cu grid Chapter






a = 24.630(2) Â
b = 20.0462 (18) Â










17824 [Rint = 0.1001
Semi-empirical f rom equivalents
0.8200 and 0.4200
Fuli-matrix least-squares on F2
17824 / 735 / 1662
0.981
Ri = 0.0766, wR2 = 0.1735
Ri = 0.2012, wR2 = 0.1923






Table 2. Atomic coordinates fx 10) and equivalent isotropic dispiacement
parameters (Â2 x 10g) for [2 x 2) Cii grid Chapter VII witli squeeze.
Ueq is defined as one third 0f the trace of the ortliogonalized
Uij tensor.
0cc. x y z
Cufi) 1 3755(1) 3445(1) 3824(1) 40(1)
Cu(2) 1 4414(1) 6648(1) 4031(1) 44(1)
Cuf3) 1 6148(1) 6868 (1) 3403(1) 53(1)
Cu(4) 1 5956(1) 3599 (1) 3704(1) 47(1)
N(1) 1 6048 (4) 7988 (6) 3397 (3) 54(4)
N(2) 1 6172(5) 7124(9) 3794(2) 55(4)
N(3) 1 6205(4) 5829(7) 3643(2) 41(3)
N(4) 1 6187 (4) 5476(9) 4086 (2) 55(4)
N(5) 1 6064 (4) 4690 (7) 3744(2) 53(4)
sf6) 1 6111 (4) 3690(8) 4079 (2) 47(3)
N(7) 1 5886 (5) 2594 (7) 3835 (3) 51(4)
5(8) 1 6708 (5) 3550 (6) 3483 (2) 50(4)
N(9) 1 5691(4) 3412 (5) 3350(2) 35(3)
5(10) 1 4272 (4) 3642 (5) 3519 (2) 30(3)
N (11) 1 3238 (5) 3690 (5) 3550(2) 39(3)
sf12) 1 3033(5) 3429(5) 4031(2) 44(3)
N(13) 1 3805 (4) 2343 (6) 3765 (2) 38(3)
N(14) 1 4269(4) 3138(7) 4116(2) 36(3)
N(15) 1 4080(4) 4429(6) 4036(2) 35(3)
sf16) 1 4726(4) 4719(7) 4354 (2) 38(3)
Nf17) 1 4375 (4) 5547(6) 4075(2) 35(3)
5(18) 1 4847 (4) 6493 (7) 4346 (2) 37(3)
Nf19) 1 4656(5) 7633(7) 4112(2) 53(4)
Nf20) 1 3564(4) 6707(5) 4133(3) 44(3)
Nf21) 1 4062(5) 6848(5) 3692(2) 42(3)
N(23) 1 6191(5) 6658(6) 3032(2) 52(3)
5(24) 1 6979(5) 6873(6) 3357(2) 56(4)
0(1) 1 4265 (3) 4167 f5) 3113 (2) 47(3)
0(2) 1 5068 (3) 3718 (4) 3746 (2) 42(3)
0(3) 1 4806(4) 6272 (5) 2973 (2) 55(3)
0(4) 1 5095(3) 6550(4) 3745(2) 44(3)
Cf1) 1 5934(6) 8430(12) 3198(3) 75(6)
C(2) 1 5880(6) 9092(10) 3229(5) 81(6)
C(3) 1 5905(7) 9321 (10) 3484 (5) 83(6)
C(4) 1 6000 (7) 8946(11) 3687 (4) 76(6)
C(5) 1 6078 (5) 8301(11) 3640 (3) 49(4)
Cf6) 1 6199(6) 7790(12) 3843(4) 77(6)
C(7) 1 6358 (6) 7979(9) 4105 (4) 68(5)
Cf8) 1 6456(8) 7505(12) 4292(3) 111(8)
C(9) 1 6414 (7) 6836 (9) 4234 (3) 78(6)
C(10) 1 6259(6) 6657 (11) 3979 (3) 58(5)
C(11) 1 6224(5) 5942(9) 3905(3) 47(4)
Cf12) 1 6142(6) 4857(9) 3992(3) 47(4)
C(13) 1 6103(5) 5199(9) 3574(3) 42(4)
C(14) 1 6172 (6) 4298 (11) 4185 (3) 65(5)
C(15) 1 6296(7) 4394(10) 4458(3) 81(6)
C(16) 1 6339(8) 3806(13) 4602(3) 106(8)
C(17) 1 6255 (8) 3205 (10) 4493 (3) 90(7)
C(18) 1 6139(6) 3139 (10) 4227 (3) 55(5)
C(19) 1 6013 (6) 2531 (11) 4091 (3) 64(5)
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C(20) 1 6025 (8) 1923(11) 4207 (4) 88(7)
C(21) 1 5877 (7) 1384 (10) 4076 (4) 80(6)
C (22) 1 5718 (5) 1452 (9) 3817(4) 63(5)
C(23) 1 5733 (5) 2077 (9) 3707 (3) 44(4)
C(24) 1 6052 (6) 5049 (7) 3292 (3) 41(4)
C(25) 1 6508 (6) 5072 (7) 3136 (2) 51(4)
C(26) 1 6474 (5) 4926(7) 2873 (2) 41(4)
C(27) 1 5972 (6) 4764 (7) 2775 (2) 37(4)
C(28) 1 5518 (6) 4735 (7) 2924 (2) 47(4)
C(29) 1 5546(6) 4888(6) 3191 (2) 39(4)
Cf30) 1 7198 (8) 3710 (9) 3559 (3) 77(6)
C(31) 1 7621(8) 3730(9) 3386(4) 91(7)
C(32) 1 7555 (7) 3595(9) 3133 (4) 75(6)
C(33) 1 7057(8) 3424(8) 3051(3) 64(5)
C(34) 1 6641 (6) 3395 (7) 3230(3) 47(4)
C(35) 1 6054(5) 3253 (7) 3166 (3) 40(4)
C(36) 1 5877 (6) 2950(8) 2924 (3) 55(5)
C(37) 1 5350 (8) 2829 (8) 2890 (3) 63(5)
C (38) 1 4966 (6) 3016 (7) 3082 (3) 46(4)
C(39) 1 5157 (6) 3306(7) 3310 (2) 38(4)
C(40) 1 4828 (6) 3603 (7) 3537 (3) 37(4)
C(41) 1 4030 (6) 3888(6) 3299 (3) 31(3)
C(42) 1 3422 (5) 3841(7) 3309 (3) 39(4)
C(43) 1 3055 (7) 3969 (6) 3111 (2) 46(4)
C(44) 1 2504(5) 3953(8) 3162(3) 66(5)
C(45) 1 2329 (5) 3804 (6) 3408(3) 42(4)
C(46) 1 2698 (7) 3664 (6) 3603 (3) 42(4)
C(47) 1 2577 (8) 3527 (6) 3882 (3) 47(4)
C(48) 1 2037 (6) 3527 (7) 3978 (3) 63(5)
C(49) 1 1965 (7) 3400(8) 4248 (3) 65(5)
C(50) 1 2426(8) 3282(8) 4399(3) 84(7)
C(51) 1 2951 (7) 3303 (7) 4292 (3) 55(4)
C(52) 1 3602(6) 1994(8) 3569(3) 44(4)
C(53) 1 3668(6) 1315(9) 3542(3) 56(5)
C(54) 1 3989 (6) 980 (7) 3732 (3) 60(5)
C(55) 1 4204(5) 1365(8) 3934(2) 47(4)
C(56) 1 4108 (6) 2035(8) 3948 (3) 42(4)
C(57) 1 4329 (6) 2463 (8) 4148 (3) 40(4)
C(58) 1 4656(7) 2216(7) 4354(3) 63(5)
C(59) 1 4875 (6) 2667 (9) 4527(3) 64(5)
C(60) 1 4818 (6) 3352(8) 4490 (3) 52(4)
C(61) 1 4505 (5) 3566 (9) 4280 (2) 41(4)
C(62) 1 4440(6) 4274(8) 4224(2) 31(4)
C(63) 1 4683(5) 5337(8) 4286(3) 31(4)
C(64) 1 4073(5) 5079(8) 3964(2) 30(4)
C(65) 1 4945 (6) 5860 (8) 4438 (3) 39(4)
C(66) 1 5260(5) 5766(8) 4654(3) 45(4)
C(67) 1 5449 (6) 6289 (10) 4788 (3) 63(5)
C(68) 1 5369(6) 6930(9) 4698 (3) 66(5)
C(69) 1 5052(6) 7023(9) 4468(3) 46(4)
C(70) 1 4962(6) 7683(9) 4333(3) 58(5)
C(71) 1 5155(7) 8293(8) 4416(3) 81(4)
C(72) 1 5023(7) 8855(8) 4269(3) 81(4)
C(73) 1 4737 (6) 8811(9) 4046(3) 69(5)
C(74) 1 4563(7) 8196(10) 3973(3) 62(5)
C(75) 1 3731(6) 5246(6) 3728(2) 34(4)
C(76) 1 3189 (6) 5239 (6) 3753 (3) 40(4)
C(77) 1 2849 (6) 5409(7) 3538 (3) 45(4)
C(78) 1 3113(7) 5574(7) 3313(2) 43(4)
C(79) 1 3663 (6) 5567(6) 3285 (2) 37(4)
C(80) 1 3973 (5) 5429 (6) 3497 (2) 33(4)
C(81) 1 3335 (7) 6569(7) 4369 (3) 63(5)
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O C(82) 1 2766(8) 6549(8) 4393(3) 66(5)C (83) 1 2450 (6) 6686 (8) 4182 (4) 61(5)C f84) 1 2689 (7) 6849 (7) 3943 f3) 60(5)
C(85) 1 3234(7) 6850(7) 3925(3) 42(4)
C(86) 1 3519(6) 6986(6) 3682 (3) 35(4)
C (87) 1 3323 (6) 7245 (7) 3453 (3) 47(4)
C(88) 1 3619(7) 7409(7) 3236(3) 49(4)
C(89) 1 4173 (6) 7259 (6) 3243 (2) 43(4)
C (90) 1 4385(6) 6944 (6) 3469(2) 37(4)
Cf91) 1 4965(6) 6711(7) 3521(3) 43(4)
Nf22) 1 5332(4) 6684(5) 3318(2) 42(3)
Cf92) 1 5202(7) 6485(8) 3062(3) 48(5)
C(93) 1 5721(6) 6515(8) 2897(3) 55(5)
C(94) 1 5747(6) 6412(8) 2632(3) 68(5)
Cf95) 1 6246(7) 6459(8) 2503(3) 73(5)
C(96) 1 6726 (6) 6558 f7) 2642 f3) 58(5)
Cf97) 1 6674(6) 6661(7) 2912(3) 54(4)
Cf98) 1 7123(6) 6740(8) 3102(3) 59(5)
C(99) 1 7676(8) 6672(8) 3033(3) 81(6)
Cf100) 1 8054 (6) 6710 (8) 3242 (4) 78(6)
C(101) 1 7926(7) 6858(10) 3494(3) 104(8)
Cf102) 1 7394(7) 6905(8) 3539(3) 74(6)
Brfl) 1 5911 (1) 4546(1) 2409(1) 60(1)
Brf2) 1 2669(1) 5816(1) 3020(1) 72(1)
Pfl) 1 734(2) 4265(3) 3283(1) 102(2)
Ff11) 1 1116 f4) 3832 f5) 3097 (2) 140 f4)
Ff12) 1 1129 f4) 4870 (5) 3241 (2) 129 (4)
Ff13) 1 407(4) 4478(6) 3017(2) 143(4)
Ff14) 1 329(4) 3633(5) 3316(2) 146(4)
Ff15) 1 1041(3) 4033(5) 3536(2) 102(3)
Ff16) 1 344 f4) 4698 f5) 3468 f2) 135 f4)
Pf2) 1 1647(2) 7244(3) 2759(1) 78(2)
Ff21) 1 2039(4) 6778(5) 2607(2) 131(4)
Ff22) 1 2115 (4) 7405(5) 2959(2) 108 f3)
Ff23) 1 1822(4) 7841(5) 2580(2) 130(4)
Ff24) 1 1164(4) 7082(5) 2564(2) 129(4)
Ff25) 1 1472(4) 6638(4) 2932(2) 103(3)
Ff26) 1 1290(4) 7698(5) 2934(2) 125(4)
Pf3) 1 2748(2) 238(3) 1017 f1) 99(2)
Ff31) 1 2349(4) 49(5) 785(2) 129(4)
Ff32) 1 3189(4) 350(6) 797(2) 160 f5)
Ff33) 1 2922 f4) -520 f5) 1037 (2) 125 (4)
Ff34) 1 2285(3) 122(4) 1232(2) 98(3)
Ff35) 1 2567 f5) 1002 f5) 995 f2) 165 f5)
Ff36) 1 3150(4) 433 f6) 1239(2) 137(4)
Pf4) 1 3442 f2) 4850 (2) 4782 f1) 55(1)
Ff41) 1 2882 f3) 4507 f4) 4735 fi) 89(3)
Ff42) 1 3478(4) 5085(4) 4490(1) 100(3)
Ff43) 1 3143(3) 5519(4) 4863(1) 71(3)
Ff44) 1 3439(4) 4627(4) 5082 f1) 91(3)
Ff45) 1 3760(3) 4178(4) 4700 f1) 69(3)
Ff46) 1 4012(3) 5191f5) 4834(2) 112f4)
Pf5) 1 1063 f3) 3143 f4) 4899 f1) 115 f2)
Ff51) 1 1034(3) 2874 f5) 4605(1) 99(3)
Ff52) 1 558 (5) 2779 f8) 4952 f2) 228 f6)
Ff53) 1 724 f6) 3785 f7) 4818 f3) 232 (7)
Ff54) 1 1526 f5) 3670 f6) 4834 f2) 164 f5)
Ff55) 1 1517(6) 2637(7) 4966 f3) 224 f7)
Ff56) 1 1084(4) 3333(6) 5193(2) 150f4)
Pf6) 0.685(3) 6439(4) 1876(5) 99(2) 117(3)
Ff61) 0.685 f3) 6463 f5) 1797 f7) 398(2) 125 f5)
Ff62) 0.685(3) 6685(7) 1175(7) 91(3) 166(7)
cxxxv
Ff63) 0.685(3) 7030(7) 2157(11) 91(4) 253(11)
Ff64) 0.685(3) 6302f9) 2608(8) 81(4) 265(12)
Ff65) 0.685(3) 5840(5) 1686(8) 90(3) 140f6)
Ff66) 0.685(3) 6402(7) 1743(9) -197(2) 178(7)
PC?) 0.315(3) 9710(5) 5933(7) 3024(2) 66f4)
Ff71) 0.315f3) 9805(13) 5288f12) 2835(5) 201(18)
Ff72) 0.315(3) 9501f13) 6291(17) 2777(5) 260f20)
Ff73) 0.315(3)10291(7) 6105(10) 2937(4) 52(7)
Ff74) 0.315f3) 9940(11) 5512f13) 3254(4) 159(15)
Ff75) 0.315(3) 9137(8) 5645f14) 3090(5) 145(13)
F(76) 0.315)3) 9472(8) 6433(10) 3183(3) 63(7)
cxxxv’
Table 3. Hydrogen coordinates (X iO) and isotropic dispiacement
parameters (À2 x i0) for [2 x 2] Cu grid Chapter VII with squeeze.
0cc. X Y Z Ueq
H(l) 1 5891 8255 3025 91
14(2) 1 5827 9384 3084 97
H(3) 1 5849 9784 3513 99
14(4) 1 6012 9123 3860 91
14(7) 1 6394 8438 4149 82
14(8) 1 6556 7638 4465 133
14(9) 1 6488 6505 4363 93
H(15) 1 6344 4823 4535 97
H(16) 1 6431 3831 4783 127
14(17) 1 6275 2817 4600 108
14(20) 1 6140 1884 4384 106
H(21) 1 5879 958 4158 96
14(22) 1 5603 1077 3717 75
14(23) 1 5624 2129 3529 53
14(25) 1 6849 5189 3210 61
H(26) 1 6785 4938 2763 49
14(28) 1 5182 4611 2847 56
H(29) 1 5232 4882 3300 47
H(30) 1 7261 3815 3739 93
H(31) 1 7972 3845 3448 109
1-1(32) 1 7851 3619 3014 90
14(33) 1 6993 3324 2871 76
14(36) 1 6132 2837 2791 66
14(37) 1 5232 2614 2734 76
1-1(38) 1 4589 2945 3055 55
14(43) 1 3182 4068 2939 55
H(44) 1 2250 4046 3026 79
14(45) 1 1951 3795 3446 50
H(48) 1 1736 3610 3865 76
14(49) 1 1613 3395 4324 78
14(50) 1 2383 3184 4581 100
14(51) 1 3256 3229 4403 66
14(52) 1 3399 2224 3438 53
14(53) 1 3504 1079 3400 67
14(54) 1 4054 514 3721 72
14(55) 1 4421 1158 4065 56
14(58) 1 4722 1751 4373 76
H(59) 1 5071 2508 4675 77
14(60) 1 4987 3662 4605 62
14(66) 1 5346 5327 4710 54
14(67) 1 5642 6219 4947 76
14(68) 1 5521 7300 4788 79
14(71) 1 5372 8329 4570 97
14(72) 1 5140 9281 4328 97
14(73) 1 4658 9195 3943 83
14(74) 1 4362 8159 3815 74
14(76) 1 3030 5117 3916 48
H(77) 1 2464 5409 3551 54
14(79) 1 3825 5658 3119 44
14(80) 1 4358 5457 3485 40
H(81) 1 3558 6485 4517 76
14(82) 1 2604 6441 4557 79
14(83) 1 2066 6670 4197 73
H(84) 1 2471 6959 3795 71
H(87) 1 2942 7319 3444 57
Hf88) 1 3457 7615 3087 59
H(89) 1 4402 7367 3099 51
1-1(94) 1 5427 6309 2536 82
Hf95) 1 6257 6423 2317 87
H(96) 1 7070 6554 2557 69
1-1(99) 1 7788 6605 2857 97
H(100) 1 8425 6625 3203 94
H(101) 1 8191 6924 3626 125
H(102) 1 7289 6967 3717 88
CXXXVII
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(D Table 4. Anisotropic parameters (Â2 x iO) for [2 x 2] Cu grid ChapterVII with squeeze.
The anisotropic dispiacement f actor exponent takes the f orm:
-2 2 [ 2 a*2 U11 + . . + 2 h k a* b* U12
Uli U22 U33 U23 U13 U12
Cufi) 42(1) 41(2) 36(1) 1(1) 4(1) 1(1)
Cu(2) 52(1) 42(2) 38(1)
-5(1) 2(1) 2(1)
Cu(3) 45 (2) 70 (2) 45(1) -5(1) -3(1) -18(1)
Cu(4) 45(1) 62(2) 36(1) 2(1) -4(1) -2(1)
N(1) 30(8) 51(11) 81(9) -16(9) 4 (7) -16(7)
N(2) 41(9) 63(12) 62(9) -9(9) 6(7) -17(9)
N(3) 23 (7) 72(11) 27 (7) -18 (7) -4 (5) -1 (7)
N(4) 31(8) 85(13) 48(8) 18(9) 0(6) -20(9)
N(5) 50(9) 86(13) 22(7)
-5(8) -6(6) -3(8)
N(6) 56(9) 50(10) 36(7) 7(8) 8(6) 1(8)
N(7) 43(8) 54(11) 55(9) -10(8) -8(7) 1(8)
N(8) 47 (9) 58 (10) 47 (8) 4 (7) -14 (7) -1 (8)
N(9) 28(7) 43(9) 32(6) -16(6) 10(5) -2(7)
N(10) 28 (7) 39 (8) 23 (6) 2 (5) -3 (5) 8 (6)
N(11) 29 (8) 57 (10) 29 (7) -6 (6) -9 (6) -4 (7)
N(12) 53(9) 39(9) 39(7) 0(7) 11(7) -7(7)
N(13) 46 (8) 37 (9) 31 (7) -1 (7) -6 (6) 7 (7)
N(14) 33 (8) 49(10) 26 (6) -10(7) 3 (5) -13 (7)
N(15) 36(7) 41(10) 27(6) 7(6) -4 (6) 11(7)
N(16) 48(9) 40(10) 26(7) . 2(7) 8(6) 0(8)
N(17) 22 (7) 49 (10) 34 (7) -1 (6) -1 (5) 5 (7)
N(18) 49 (8) 26 (9) 35 (7) -25 (7) 8 (6) -3 (7)
N(19) 52(9) 61(12) 46(8) -14(8) 3(7) 1(8)
N(20) 35 (8) 26(9) 71(9) -23 (7) 11(7) 18(7)
N(21) 60 (9) 42 (9) 26 (6) -10 (6) 9 (6) 2 (8)
N(23) 43 (9) 68 (10) 44 (7) -9(7) 20(7) -9(8)
N(24) 47(9) 69(11) 54(8) 4(7) 8(7) -13(7)
0(1) 36(6) 65(8) 39(5) 11(5) 5(4) 4(5)
0(2) 33 (6) 61 (8) 30 (5) -7 (5) -1 (4) -2 (5)
0(3) 39 (7) 84 (9) 42 (6) -4 (5) -21 (5) -9 (6)
0(4) 58 (7) 45 (7) 30 (5) -4 (5) -8 (5) -5 (5)
C(1) 48(12) 93(19) 85(13) 18(14) -20(10) 23(13)
C(2) 58(13) 28(14) 160(20) 7(14) -16(13) 12(11)
C(3) 81(15) 45(16) 123(18)
-15(15) -12(14) 37(12)
C(4) 61(13) 44(16) 123(18)
-33(14) -10(12) 6(12)
C(5) 29(10) 50(15) 67(12)
-3(12) -8(8) -1(10)
C(6) 40(12) 93(19) 96(16) -9(16) 15(10) -36(13)
C(7) 79(14) 48(14) 77(13)
-24(12) -3(11) -22(11)
C(8) 180(20) 100(20) 53(13) -24(14) -10(13) -42(18)
C(9) 135 (17) 58 (15) 41 (10) -17 (10) -26 (10) -3 (13)
Ct10) 56(11) 82(17) 36(10) 1(11) 5(8) -2(11)
C(11) 35(10) 37(13) 68(13) -8(11) 0(8) -11(9)
C(12) 60(12) 22(11) 58(12) -4(10) 6(9) -2(9)
C(13) 44(11) 47(13) 36(10) -11(10) 3 (7) 5 (10)
C(14) 59(12) 69(16) 69(13) 2(12) 4(9) 6(12)
C(15) 102(15) 104(19) 37(11) -11(11) -10(10) -25(13)
C(16) 145 (19) 120 (20) 50 (12) 13 (15) -38 (12) -25 (18)
C(17) 151(19) 63(16) 55(13) 25(11) -35(12) -26(14)
C(18) 59(12) 69(15) 38 (10) 7(11) -11(8) 4(11)o
CXXXIX
C(19) 61(12) 70(17) 62(13) -5(13) -12(9) 10(12)
C(20) 102(17) 41(15) 121(18) -4(15) -7(13) 4(14)
C(21) 75(14) 67(17) 98(16) 60(14) 36(12) 19(13)
C(22) 40(11) 51(15) 97(15) 7(12) 16(9) 11(10)
C(23) 30(10) 45(13) 55(10) 9(11) -14(7) 2(9)
C(24) 43(12) 32 (11) 48 (10) -4(8) 5(8) 4(9)
C(25) 50(11) 69(13) 33(9) -10(8) 1(8) -30(9)
C(26) 34(10) 58(12) 30(8) -2(8) 5(7) -9(9)
Cf27) 45(11) 52(11) 15(7) 0(7) 2(7) -4(9)
C(28) 33(10) 67 (13) 41(9) -5(8) -8(8) -5(9)
C(29) 34(10) 49(11) 34(8) 7(8) 7(7) -11 (8)
C(30) 63(14) 110 (18) 59(12) -3(11) -10(11) 24(14)
Cf31) 66(16) 93(17) 113(16) 12(15) -23(14) 17(13)
C(32) 15(11) 70(15) 139(18) 12(14) 32(11) -6(10)
C(33) 72(14) 50(13) 69(11) 7(9) 47(11) 13(11)
C(34) 31(11) 53(12) 57(10) -2(9) -9(9) 3(9)
C(35) 37(11) 46(11) 38(8) 15(8) 8(8) 29(9)
C(36) 24(10) 92(15) 48(10) -5(9) -7(8) 9(10)
C(37) 91(15) 55(13) 44(10) -14(9) 17(10) 20(12)
C(38) 48(11) 33(11) 56(10) 3(9) -31(9) 5(9)
C(39) 37(10) 37(11) 41(9) -3(8) 11(8) -22 (9)
C(40) 29(10) 25 (11) 58(10) 7(8) 11(8) 7(8)
C(41) 38(10) 16(9) 38(9) 1(7) -13 (8) 0(8)
C(42) 26(10) 56(12) 35(9) 0(8) 7(8) 3(8)
C(43) 72(13) 29(11) 36(9) 11(7) -6(9) -1(9)
C(44) 12(10) 75(15) 110(14) 17(11) -6(9) 5(9)
C(45) 13(9) 40(11) 73(11) 25(9) 3(8) 3(8)
C(46) 54(12) 11(10) 60(11) -4(8) -4(9) 6(9)
C(47) 88(15) 9(10) 45(10) -3(8) 14(10) -2(10)
C(48) 45(12) 67(14) 77(12) -9(10) 20(9) -30(10)
C(49) 53(13) 60(14) 82(13) -21(11) 9(10) -9(11)
Cf50) 88(16) 65(15) 98(14) -12(11) 89(13) -32(13)
C(51) 85(14) 37(11) 43(10)
-9(8) -15 (9) -6(10)
C(52) 59(11) 18(12) 56(10) 0(9) 9(8) 1(9)
C(53) 81(13) 51(14) 36(9) 15(10) 6(8) -7(11)
C(54) 82(13) 7(10) 90(12) -5(10) 21(10) 4(10)
C(55) 55 (11) 49(13) 37(9) -18 (9) -13 (7) 2(10)
c(56) 52(11) 13(11) 60(11) -11(9) 8(9) 8(9)
C(57) 55(11) 15(11) 49(10) -4(9) 4(8) -6(9)
C(58) 110(15) 10(11) 70(11) 1(9) -16(10) 19(10)
C(59) 95(14) 45(14) 52(10) -4(10) -34(9) 0(12)
C(60) 92(13) 19(11) 44(9) -14(9) -14(9) -7(10)
C(61) 43(10) 54(14) 27(8) 4(9) -6(7) -3(10)
C(62) 45(11) 17(11) 30(9) -17 (8) 15(7) -14 (9)
C(63) 30(9) 31(12) 33(9) -13(9) 5(7) -8(9)
C(64) 25(9) 31(11) 35(8) 0(8) -2(7) 9(9)
C(65) 55(11) 17(11) 45(10) -7(9) 12(8) 4(9)
C(66) 46(10) 57(13) 33(9) 1(9) -13 (8) 11(9)
C(67) 87(13) 68(15) 35(9) 7(10) -31(9) 15(12)
C(68) 103 (15) 56(14) 38(10) -10(9) -32 (9) -19(12)
C(69) 45(11) 48(13) 46(10) 0(10) 6(8) -15 (10)
C(70) 65(13) 42(14) 66(12) -11(11) 9(9) -13(10)
C(71) 134 (12) 25(10) 84(11) -16 (7) 7(9) —16 (10)
C(72) 134(12) 25(10) 84(11) -16(7) 7(9) -16(10)
C(73) 100(15) 48(14) 58(11) 1(10) -17(10) -5(12)
C(74) 77(14) 49(14) 58(11) -2(11) 4(9) 31(12)
C(75) 42(11) 33(11) 28(8) -2(7) 8(8) 0(8)
C(76) 30 (10) 27(10) 63(10) -2(8) 17(8) -4(8)
C(77) 38(10) 43(11) 54(10) 0(9) -12(8) -9(9)
C(78) 59(12) 32(11) 39(9) 19(8) -18 (8) -17(9)
C(79) 39(10) 40(11) 32(8) 2(7) -2(7) 1(9)
C(80) 15(8) 33(10) 51(9) 8(8) -11 (7) -12 (7)
CXL
O C(81) 60(14) 50(13) 79(12) -4(10) 22(10) 22(11)C(82) 87(16) 38(12) 74(13) 6(10) 38(11) 5(12)
C(83) 48(12) 39(12) 94(13) -21(11) 26(11) 16(10)
C(84) 56(13) 48(13) 75(12) 4(9) 9(10) 12(10)
C(85) 49(12) 19(11) 57(11) 1(8) 9(10) 12(9)
C(86) 30(10) 18(10) 57(10) 3(8) -8(9) 8(8)
C(87) 26(10) 35(11) 81(12) -5(10) -4(9) 14(8)
C (88) 55(13) 24(11) 67(11)
-1(9) -16(9) 6(9)
Cf89) 57(12) 21(10) 51(9) 14(8) -2(8) -4(9)
C(90) 56(11) 19(10) 37(9) -8(7) -15 (8) 20(8)
Cf91) 52(12) 13(10) 64(11)
-11(9) 7(10) -1(9)
Nf22) 26(7) 49(9) 51(8) -6(7) 2(6) -10 (6)
C(92) 62(13) 62(13) 22(9) -8(8) -1(8) 10(11)
C(93) 60(12) 72(14) 33(9) -8(9) 5(8) -23(10)
C(94) 57(12) 106(16) 42(10) 11(10) 0(8) -4(11)
C(95) 71(14) 90(15) 58(11) 19(10) 17(11) 8(12)
C(96) 59(13) 67(13) 47(10) -5(9) 4(9) -3(10)
C(97) 35(11) 51(12) 75(12) 7(10) 13(10) -15 (9)
C(98) 30(11) 70(14) 79(12) -3(10) -1(10) -22(10)
C(99) 75(15) 83(15) 85(13) 6(11) 27(12) -16(13)
CflOO) 19(10) 91(16) 125(16) 26(14) -12(11) -14(10)
C(101) 44(14) 200 (20) 70(13) -2(14) 22(10) -51(14)
Cf102) 66(14) 94(16) 61(11) 2(10) -20(11) -63(12)
Erfi) 60(1) 86(2) 34(1) -9(1) -2(1) 2(1)
Br(2) 56(1) 91(2) 70(1) 25(1) -19(1) -1(1)
Pfi) 94(4) 97(5) 116(4) -2(4) 9(4) 5(4)
Ff11) 133(8) 140(8) 147(7) -13(7) 22(6) 13(7)
Ff12) 123(8) 112(8) 152(7) 6(6) 34(6) -25(7)
Ff13) 141(8) 163(9) 124(7) 16(7) -34(6) 17(7)
Ff14) 125(8) 109(8) 204(8) 21(7) 8(7) -21(7)
Ff15) 87(6) 129(8) 89(5) 35(5) -12(5) 10(6)
Ff16) 124(8) 138(8) 143(7) -16(7) 24(6) 11(7)
Ff2) 84(4) 83(4) 67(3) 12(3) 25(3) 27(3)
Ff21) 126(8) 149(8) 117(6) -40(6) 36(6) 23(7)
Ff22) 103(7) 107(7) 113(6) 17(6) -22(6) 13(6)
Ff23) 132(8) 141(8) 117(6) 67(6) 3(6) -1(7)
Ff24) 126(8) 138(8) 122(6) 37(6) -41(6) —13(7)
Ff25) 130(7) 97(7) 81(5) 16(5) 7(5) 12(6)
Ff26) 113 (7) 105(8) 157(7) -32(6) 33(6) 24(6)
Ff3) 87(4) 107(5) 103 (4) 13(4) -22(4) -26(4)
Ff31) 104 (7) 135 (8) 148 (7) -39(6) -29 (6) 6(6)
Ff32) 151(8) 199(10) 130(7) 28(7) -16(7) -66(8)
F(33) 107 f7) 116 (8) 151(7) 21(6) 33(6) 36(7)
F(34) 72(6) 97(7) 124(6) 8(6) 28(5) 3(5)
Ff35) 217(10) 129(9) 149(8) 20(7) -43 (7) -22 (8)
Ff36) 114 (7) 189(9) 109 f6) 19(6) -29(6) -30(7)
Ff4) 61(3) 56(4) 48(3) -7(2) 5(2) -2(3)
Ff41) 79(6) 108 f7) 79(5) -33 f5) 6(5) -13 (6)
Ff42) 130(7) 98(7) 71(5) 13(5) 34(5) 34(6)
F (43) 87(6) 61(6) 64 f5) -15 (4) 22(4) 9f5)
Ff44) 116 f7) 101(7) 57(5) -10(5) -5(5) 10(6)
Ff45) 90(6) 61(6) 57(5)
-7(4) -5(4) 12(5)
Ff46) 89(7) 100(7) 148(7) -58(6) 27(6) -19(6)
Pf5) 98(5) 179(6) 67(3) 14(4) 17(3) -2(5)
Ff51) 93(7) 129(8) 75(5) -sf5) 29(5) 0(6)
Ff52) 216(10) 313(11) 154(8) -19(8) 80(8) -161(9)
Ff53) 249 f11) 242(11) 203 f10) -62 (9) -34 (9) 78(9)
Ff54) 206(9) 172(9) 11S(7) 3(7) 34(7) -30fB)
Ff55) 258(11) 204(11) 209(10) -4(8) -58(9) 44 f9)
F(56) 162 f8) 229 f10) 60(5) 8(6) 5(6) -21fB)
Ff6) 99(6) 164(8) 89(5) 9(5) -25(5) 53(6)
Ff61) 98(9) 152 f10) 124 (9) 24 f8) -42 f7) 10(8)
CXLI
G Ff62) 209(12) 144(11) 146(10) 4(9) -15(9) 38(10)Ff63) 249(14) 257(15) 254(14) 39(10) 21(10) 6(11)Ff64) 254(15) 238(15) 304(15) ilfil) -66(10) -14(11)
Ff65) 140fb) 168f11) 112(9) -12(8) -9(8) 0(9)
Ff66) 187)11) 215)12) 133(9) 45(9) 0f9) 33f9)
Pf7) 88 f9) 51fB) 58(7) 11)7) -30(7) 10(7)
Ff71) 200 f20) 210 f20) 190 (20) 13)11) -7 f11) 18(11)
Ff72) 260(30) 250 (30) 270 f30) -14)11) 9)11) -3(11)
Ff73) 50(11) 32(11) 76(11) 9(9) -1(9) -19 (9)
Ff74) 158(17) 162(18) 159(17) -29(11) 5(11) -3(11)
Ff75) 145(16) 154(17) 137(15) 7(11) 15(11) 45(11)
Ff76) 69(11) 78(12) 41(10) 15(9) -4(9) 16(10)
o
CXLII
Table 5. Bond lengths [Â] and
VII with squeeze.






































































































































































































































o Cf41) -Cf42) 1.500 (16) Pfl) -F(11) 1.595 (9)Cf42) -Cf43) 1.378 (15) Ff1) -Ff16) 1.598 (9)Cf43)-C(44) 1.384(17) P(1)-F(14) 1.621f9)
C (44) -C (45) 1.358 (16) P fi) -Ff13) 1.632 f9)
C(45) -C f46) 1.372 (16) Ff2) -Ff26) 1.546 f8)
Cf46) -C(47) 1.477 f17) P (2) -F (21) 1.552 f8)
Cf47) -C(48) 1. 417 f18) P (2) -F (25) 1.559 f8)
Cf48) -Cf49) 1.408 f17) P (2) -F (23) 1.564 f8)
Cf49)-Cf50) 1.39(2) Pf2)-Ff22) 1.569(8)
Cf50) -CfSl) 1.406 (18) Pf2) -Ff24) 1 .584 (9)
Cf52)-Cf53) 1.377(17) Pf3)-Ff36) 1.548(8)
Cf53)-Cf54) 1.417(17) Pf3)-Ff32) 1.576(9)
Cf54) -Cf55) 1.392 (16) Pf3) -Ff33) 1.582 f9)
C(55) -C(56) 1.366 (17) Pf3) -Ff31) 1.585 f8)
C(56) -C(57) 1.439 f17) P(3) -Ff34) 1.597 f8)
C(57) -C (58) 1 .412 f17) P(3) -Ff35) 1.60(1)
C f58) -C f59) 1 .372 f17) P(4) -Ff41) 1 .559 (8)
Cf59) -Cf60) 1.394 (17) Pf4) -Ff42) 1.564 (7)
Cf60) -Cf61) 1.386 f16) Ff4) -Ff46) 1.583 f8)
Cf61) -Cf62) 1.455 (17) Pf4) -Ff43) 1.584 f7)
Cf63) -Cf65) 1.452 (17) Pf4) -Ff44) 1.587 f7)
C(64)-C(75) 1.505f16) Pf4)-F(45) 1.612(7)
C (65) -C (66) 1. 361 f16) P (5) -F (52) 1.468 f10)
C(66) -C(67) 1.333 f17) P (5) -Ff56) 1.546 f8)
C(67) -C(68) 1 .378 f18) P(5) -Ff55) 1.549(11)
C(68) -C(69) 1 .416 f17) P(5) -Ff53) 1.586(11)
Cf69) -Cf70) 1.509 f19) P (5) -F f51) 1.589 (8)
Cf70) -Cf71) 1.379 (18) Pf5) -Ff54) 1.59 f1)
Cf71)-Cf72) 1.391(19) Pf6)-Ff64) 1.508(13)
Cf72)-Cf73) 1.339(18) Pf6)-Ff65) 1.526(12)
Cf73)-Cf74) 1.356(19) Pf6)-Ff62) 1.530(12)
Cf75)-Cf76) 1.342(15) Pf6)-Ff66) 1.531(12)
C f75) -C f80) 1.369 (14) Pf6) -Ff61) 1.531(11)
C(76) -Cf77) 1. 417 (16) Ff6) -Ff63) 1.559 f13)
C(77)-C(78) 1.360(16) Pf7)-F(76) 1.415(13)
C(78)-C(79) 1.361f16) P(7)-F(72) 1.534(15)
Cf78)-3r(2) 1.911f12) Pf7)-Ff73) 1.536(13)
Cf79)-Cf80) 1.350(14) Pf7)-Ff74) 1.551(14)
Cf81)-Cf82) 1.406(19) Ff7) -Ff75) 1.560f15)
C(82)-C f83) 1.356(18) Pf7) -Ff71) 1.627 f15)
C(83)-C(84) 1.387(17) Nfll)-CU1-N(14) 176.5f5)
C(84)-C(85) 1.347(17) Nfll)-CU1-N(10) 79.4f4)
C(85)-Cf86) 1.444(17) Nf14)-CU1-NflO) 102.8f4)
C(86)-C(87) 1.364(16) N(11)-CU1-Nf12) 78.8f5)
Cf87)-Cf88) 1.367f16) N(14)-CU1-Nf12) 99.2(4)
Cf88)-Cf89) 1.396f17) N(10)-CU1-Nf12) 157.7(4)
Cf89)-Cf90) 1.413(15) Nfll)-CU1-N(13) 100.9(4)
Cf90)-Cf91) 1.527f17) Nf14)-CU1-N(13) 76.5(5)
Cf91)-N(22) 1.374(15) NflO)-CU1-Nf13) 93.1f4)
Nf22)-Cf92) 1.397(15) Nf12)-CU-N(13) 95.8f4)
Cf92)-C(93) 1.531(18) Nfll)-CU1-N(15) 109.5(4)
Cf93)-C(94) 1.365(16) Nf14)-CU1-Nf15) 73.4f5)
C(94)-C(95) 1.396(18) N(10)-CU1-NflS) 88.5f4)
Cf95)-C(96) 1.391(18) N(12)-CU1-Nf15) 94.1(4)
Cf96)-Cf97) 1.399(17) N(13)-CU1-Nf15) 149.4(4)
C f97) -C f98) 1 .478 f18) N (18) -CU2-N (21) 172.7 (5)
C f98) -C f99) 1 .412 f19) N (18) —CU2-N(19) 80.3 (5)
Cf99) -C (100) 1. 416 (19) Nf21) -CU2-NflP) 96.1 f5)
C(100) -CflOl) 1.349 (19) N(18) -CU2-Nf20) 109.9 f5)
C(101) -Cf102) 1.333 (19) N(21) -CU2-Nf20) 76.9 f5)
Ff1) -Ff15) 1.559 f8) N(19) -CU2-Nf20) 100.1 (4)
Pfl)-F(12) 1.572f9) Nf18)-CU2-Nf17) 77.5(5)
CXLIV
o N(21) -CU2-N(17) 105.7 (4) C(39) -N(9) -CU4 119. 7(8)N(19)-CU2-N(17) 157.7(5) C(41)-N(10)-C(40) 120.70(11)
N(20) -CU2-N(17) 89.3 (4) C(41) -N(10) -CUl 114.9(9)
N(18)-CU2-O(4) 96.3(4) C(40)-N(10)-CU1 124.1(8)
N(21)-CU2-O(4) 77.2 (4) C(42)-N(11)-C(46) 121.30(11)
N(19)-CU2-O(4) 89.9(4) C(42)-N(11)-CU1 119.2(9)
N(20)-CU2-O(4) 153.1(4) Cf46)-N(11)-CU1 119.3(9)
N(17)-CU2-O(4) 90.6(3) C(51)-N(12)-C(47) 116.40(12)
N(23)-CU3-N(2) 174.8(5) C(51)-N(12)-CU1 128.70(11)
N(23)-CU3-N(24) 80.6(5) C(47)-N(12)-CU1 114.9(9)
N(2)-CU3-N(24) 94.6(5) C(52)-N(13)-C(56) 119.50(13)
N(23)-CU3-N(22) 79.2(5) C(52)-N(13)-CU1 127.4(1)
N(2)-CU3-N(22) 105.8(4) C(56)-N(13)-CU1 113.0(1)
N(24)-CU3-N(22) 159.0(5) C(61)-N(14)-C(57) 120.90(12)
N(23)-CU3-N(1) 102.1(5) C(61)-N(14)-CU1 122.10(11)
N(2)-CU3-N(1) 76.5(6) C(57)-N(14)-Cu1 116.8(1)
N(24)-CU3-N(1) 95.9(4) C(62)-N(15)-C(64) 115.10(12)
N(22)-CU3-N(1) 93.9(4) C(62)-N(15)-CU1 110.6(9)
N(23)-CU3-N(3) 107.6(5) C(64)-N(15)—CU1 132.1(9)
N(2)-CU3-N(3) 74.0(6) C(63)-N(16)-C(62) 118.30(13)
N(24)-CU3-N(3) 90.2(4) C(64)-N(17)-C(63) 115.10(12)
N(22)-CU3-N(3) 90.5(4) C(64)-N(17)-CU2 133.4(1)
N(1)-CU3-N(3) 150.3(5) C(63)-N(17)-CU2 110.9(1)
N(6) -CU4-N(9) 169.7 (5) C(69) -N(18) -C(65) 120.70 (13)
N(6)-CU4-N(7) 78.3(6) C(69)-N(18)-Cu2 117.80(11)
N(9)-CU4-N(7) 94.5(5) C(65)-N(18)-CU2 121.5(1)
N(6)-CU4-N(8) 110.1(5) C(74)-N(19)-C(70) 117.70(15)
N(9)-CU4-N(8) 78.4(5) C(74)-N(19)-CU2 129.30(12)
N(7) -CU4-N(8) 100.8 (4) C (70) -N(19) -CU2 113 .00 (11)
N(6)-CU4-O(2) 95.1(4) C(81)-N(20)-C(85) 118.90(12)
N(9)-CU4-O(2) 77.2(4) C(81)-N(20)-CU2 127.30(11)
N(7)-CU4-O(2) 89.5(4) C(85)-N(20)-CU2 113.6(1)
N(8)-CU4-O(2) 154.1(4) C(86)-N(21)-C(90) 119.90(11)
N(6)-CU4-N(5) 78.2 (5) C(86) -N(21) -CU2 120.3 (9)
N(9)-CU4-N(5) 108.4(4) C(90)-N(21)-CU2 119.1(9)
N(7)-CU4-N(5) 156.4(5) C(97)-N(23)-C(93) 121.70(12)
N(8)-CU4-N(5) 89.5(4) C(97)-N(23)-CU3 119.40(11)
O(2)—CU4-N(5) 90.2(4) C(93)-N(23)-CU3 118.9(9)
C(1)-N(1)-C(5) 112.20(14) C(98)-N(24)-C(102) 116.80(13)
C(1)-N(1)-CU3 132.10(13) C(98)-N(24)-CU3 111.3(1)
C(5)-N(1)-CU3 115.60(13) C(102)-N(24)-CU3 131.30(11)
C(10)-N(2)-C(6) 123.20(16) C(40)-O(2)-CU4 111.7(8)
C(10)-N(2)-CU3 120.60(12) C(91)-O(4)-CU2 112.7(9)
C(6)-N(2)-CU3 115.00(13) C(2)-C(1)-N(1) 124.60(18)
C(13)-N(3)-C(11) 115.20(13) C(1)-C(2)-C(3) 116(2)
C(13)-N(3)-CU3 132.0(9) C(4)-C(3)-C(2) 124(2)
C(11) -N(3) -CU3 110.80(11) C(3) -C(4) -C(5) 117 (2)
C(11)-N(4)-C(12) 114.50(14) C(4)-C(5)-N(1) 126.20(17)
C(12)-N(5)-C(13) 114.40(14) C(4)-C(5)-C(6) 125(2)
C(12)-N(5)-CU4 110.90(11) N(1)-C(5)-C(6) 108.40(18)
C(13)-N(5)-CU4 134.5(1) N(2)-C(6)-C(7) 116.10(18)
C(18)-N(6)-C(14) 121.20(14) Nf2)-C(6)-C(5) 122.90(19)
C(18)-N(6)-CU4 118.90(12) C(7)-C(6)-C(5) 121(2)
C(14)-N(6)-CU4 119.80(12) C(8)-C(7)-C(6) 120.60(18)
C (23) -N(7) -C (19) 118.80 (15) C (7) -C (8) -C (9) 120.90 (17)
C(23)-N(7)-CU4 129.20(12) C(8)-C(9)-C(10) 118.10(17)
C(19)-N(7)-CU4 111.90(14) N(2)-C(10)-C(9) 121.00(17)
C(30) -N(8) -C(34) 117.20 (13) N(2) -C(10) -C(11) 119.00 (15)
C (30) -N(8) -CU4 128.50 (11) C(9) -C (10) -C(11) 119.80 (17)
C(34)-N(8)-CU4 113.9(1) N(4)-Cf11)-N(3) 124.60(15)
C (35) -N(9) -C(39) 120.80 (11) N(4) -C(11) -C (10) 120.90 (16)












C (17) -C (16) -C (15)




C (17) -C (18) -C (19)
N(7) -C (19) -C (20)
N (7) -C (19) -C (18)
C (20) -C (19) -C (18)
C (21) -C (20) -C (19)
C(20) -C(21) -C(22)
C(23) -C(22) -C(21)
N(7) -C(23) -C (22)
C(25) -C(24) -C(29)
C(25) -C (24) -C(13)
C(29)-C(24) -C(13)
C(26) -C(25) -C(24)














C (33) -C(34) -C(35)
N(9) -C(35) -C(36)
N(9) -C (35) -C(34)
C (36) -C (35) -C (34)
C(37) -C(36) -C(35)
C (36) -C (37) -C (38)
C (39) -C(38) -C(37)
N(9) —C (39) —C(38)
Nf9) —C(39) -C(40)
C (38) -C (39) -C (40)
O(2)-C(40) -N (10)
O(2)-C(40)-C(39)
N (10) -C (40) -C (39)
0(1) -C(41) -Nf10)
0(1) -C(41) -C(42)
N (10) -C (41) -C (42)
N(11)
-Cf42) -C(43)




C(44) -C(45) -C (46)
N(11)
-C(46) -C(45)



































































C (49) -C(48) -C (47)
C (50) -C (49) -C(48)






C(56) -C(55) -C (54)
N(13) -C(56) -C (55)




C(58) -C(57) -C (56)
C (59) -C(58) -C (57)










N(16) -C (63) -C(65)








C (67) -C (66) -C (65)
C (66) -C (67) -C (68)
C (67) -C (68) -C (69)
N(18) -C (69) -C (68)
N(18) -C(69) -C(70)
C(68) -C(69) -C(70)
N(19) -C (70) -C(71)
N(19) -C(70) -C (69)
C (71) —C (70) -C (69)
C(70) -C (71) -C(72)
C(73)-C(72) -C(71)
C(72) -C(73) -C(74)




C(75) -C (76) -C(77)
C (78) -C (77) -C (76)
C (77) -C (78) -C (79)
C(77) -C(78) -BR2
C(79) -C(78) -BR2
C (80) -C (79) -C (78)
C(79) -C(80) -C(75)
N (20) -C (81) -C (82)



































































C (85) -C(84) -C (83)
C(84) -C(85) -N (20)
C(84) -C(85) -C(86)
N (20) -C(85) -C (86)
C (87) -C (86) -N (21)
C (87) -C (86) -C (85)
N (21) -C (86) -C (85)
C (86) -C (87) -C (88)
C (87) -C (88) -C (89)
C (88) -C (89) -C (90)
Nf21)—C(90) -C (89)
N(21) -C (90) -C (91)
C (89) -C(90) -C (91)
0(4) -Cf91) -N(22)
0(4) -C(91) -C (90)
N(22) -C (91) -C(90)





N(22) -C (92) -C (93)
C (94) -C(93) -N (23)
C(94) -C(93) -C (92)




C (95) -C(96) -C (97)
N(23) -C (97) -C (96)
Nf23) -C(97) -Cf98)
C(96)-C(97) -0(98)
N (24) -C (98) -C (99)
N (24) -C (98) -C(97)
C (99) -C (98) -C (97)
C(98) -Cf99) -C(100)
CflOl) -C(100) -Cf99)





F (15) -P (1) -F (16)
F(12)-Pfl) -Ff16)










F (26) -P (2) -F (21)
F (26) -P(2) -Ff25)
F (21) -P(2) -F(25)
Ff26)-Pf2)
-Ff23)
Ff21) -P (2) -F (23)
Ff25)-P(2)-Ff23)
F (26) -P (2) -F (22)


































































Ff21) -Ff2) -F (24)
F(25)-Pf2)-F(24)
Ff23) -P (2) -F (24)
F (22) -Ff2) -Ff24)
F(36) -P(3) —Ff32)
F(36) -P (3) -Ff33)















Ff41) -P f4) -F (42)
F(41) -P (4) -Ff46)
Ff42) -P f4) -Ff46)
F(41) -Ff4) -F (43)
Ff42)-?(4)-F (43)
Ff46) -P (4) -Ff43)
Ff41) -P (4) -F(44)




F(42) -p f4) -Ff45)




F (52) -P(5) -Ff55)




F(52) -Ff5) -F (si)
Ff56) -Ff5) -F(51)
Ff55) -P (5) -F(51)
Ff53) -P(5) -F(51)
F (52) -?(5) -F(54)
F(56) -P f5) -Ff54)
F(55)-Pf5) -Ff54)
F(53) -P (5) -F (54)




Ff65) -Ff6) -F f62)
Ff64) -P(6)-F f66)
Ff65) —P (6) -Ff66)
F(62) -Pf6) -F (66)
F(64)-Pf6) -Ff61)
Ff65) -Pf6) -F (61)
Ff62) -Ff6) -F(61)



































































Ff65)-Pf6)-F(63) 172.50(12) Ff76)-Pf7)-F(75) 76.40(12)
Ff62)-Pf6)-F(63) 87.8(1) F(72)-P(7)-F(75) 92.60(14)
F(66)-P(6)-Ff63) 95.3(1) F(73)-P(7)-F(75) 170.60(15)
F(61)-P(6)-F(63) 91.7(9) Ff74)—Pf7)-F(75) 88.20(13)
F(76)-P(7)-Ff72) 89.80(14) F(76)-P(7)-F(71) 163.70(15)
F(76)-P(7)-F(73) 113.00(13) F(72)-P(7)-F(71) 86.40(14)
F(72)-P(7)-F(73) 88.30(14) F(73)-P(7)-F(71) 82.80(12)
Ff76)-P(7)-F(74) 96.00(12) F(74)-P(7)-F(71) 87.80(14)
















Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigmafl)]
R indices (ail data)
Largest diff. peak and hole
P-i
a = 11.4580 (12) À











7246 [Rint = 0.058]
Semi-empirical f rom equivalents
0.6300 and 0.3900
Fuil-matrix least-squares on F2
7246 / 2 / 754
0. 992
Ri = 0.0543, wR2 = 0.1458
Ri = 0.0721, wR2 = 0.1579
0.972 and -0.770 e/À3



















Q T1e 2. Atomic coordinates (X 1O) and equivalent
dispiacement parameters (Â2 x 10) for C50 INO Cu2 F12 N12 05 P2.
Ueq is defined as one third of the trace of the orthogonalized
Uij tensor.
X Y Z Ueq
Cufi) 2582 f1) 4014(1) 2408(1) 29(1)
Cu(2) 3775(1) 1724(1) 2520(1) 29(1)
P(2) 5720(1) 2225(1) 9087(1) 36(1)
F(26) 7019(3) 3083 (2) 8947(1) 44(1)
Ff21) 4415 (3) 1384 (3) 9220 f2) 65(1)
Ff24) 4984(3) 3014(2) 8734(1) 46(1)
Nf8) 4746(3) 3598(3) 2922(2) 28(1)
Ff25) 5327(3) 1317f2) 8397(1) 41(1)
Nf3) 1551(3) 2125(3) 2228(2) 29(1)
Nfl) 3480(3) 5808 f3) 2906(2) 28(1)
Nf7) 3615(3) 4195(3) 1745(2) 27(1)
NfS) 5409(3) 1617(3) 2179(2) 31(1)
Nf2) 2070(3) 3873(3) 3213(2) 27(1)
Ff23) 6124(3) 3137(2) 9781f;) 54(1)
0(4) 6627(3) 5143(3) 2876f2) 43(1)
Ff22) 6473(4) 1449(3) 9433(1) 63f1)
0f3) 5602 f1) 4909(2) 3960 f1) 36(1)
0(2) -179(3) 829f3) 1349(2) 41(1)
Cf29) 3670(4) 4230 f4) 640(2) 29(1)
Nf6) 1229(3) 4175(3) 1527(2) 28(1)
C(32) 4878(4) 4357(4) 1918(2) 28(1)
C(4) 3849(4) 7135(4) 3920(2) 33(1)
Nf9) 3717(3) 1753(3) 3424(2) 30(1)
NflO) 2723(4) -114(3) 2468(2) 30(1)
Cfll) 941(4) 1755(4) 2705(2) 32f1)
N(4) 3114(3) 1520(3) 1511(2) 26(1)
Cf5) 3325 (4) 5995(4) 3515 (2) 29f;)
C(39) 3039(4) 716(4) 3590 f2) 29 f1)
C(18) 5205 f4) 1487(4) 1518 (2) 27 f1)
Cf19) 6160(5) 1441(4) 1231(2) 35(1)
C(41) 1697(4) -1536 f4) 3084 f2) 37(1)
C(27) 1643 f4) 4056 f4) 985 (2) 27 f1)
Cf17) 3911(4) 1368(4) 1146(2) 28(1)
Cf38) 2890 f4) 730(4) 4216(2) 34(1)
Cf16) 3467(5) 1101(4) 463(2) 34(1)
Cf12) 979(5) 1395(4) 1602f2) 29(1)
Cf6) 2531 (4) 4855 f4) 3697 (2) 31f;)
C(31) 5586 (4) 4484 f4) 1464(2) 30(1)
Cf2) 4714(5) 7963(4) 3078f2) 36(1)
Cf26) 820 (5) 3812 (4) 359(2) 34(1)
Cf14) 1422(5) 1093(4) 516(2) 34f1)
Cf1) 4157(4) 6784(4) 2695(2) 31(1)
Cf35) 4280 (4) 2815 (4) 3860(2) 31(1)
Cf22) 6555(5) 1703(4) 2550(3) 42(1)
C (10) 1328(4) 2770 (4) 3288 f2) 31(1)
C (13) 1896(4) 1365 (4) 1195 f2) 29 f1)
C f33) 5511(4) 4412 (4) 2624 f2) 30 f1)
Cf23) 12(4) 4079(4) 1447(2) 33(1)
O C(44) 2249(5) -1034 f4) 1945 f2) 35(1)Cf30) 4943 f4) 4387(4) 811(2) 32(1)
CL
O C(28) 3007(4) 4171(4) 1120 (2) 28(1)C (21) 7520 (5) 1606 (5) 2278 (3) 47(1)
C(40) 2458 (4) -358(4) 3043 f2) 30(1)
Cf3) 4560 (5) 8131(4) 3698(2) 36(1)
C(7) 2260 (5) 4762 (4) 4295 (2) 37(1)
Cf15) 2234(5) 980(4) 148(2) 35(1)
C(20) 7319(5) 1482(4) 1611(3) 41(1)
C(43) 1490(5)
-2227(4) 1956(2) 38(1)
C f24) -865 (5) 3844 (4) 834 (2) 37(1)
Cf9) 998 (5) 2614 (4) 3860 (2) 35(1)
C(36) 4180 (4) 2891 (4) 4502 (2) 35(1)
C(8) 1490(4) 3630(4) 4374(2) 35(1)
C (25) -440(5) 3700 (4) 285 (2) 39(1)
Cf34) 4982 (4) 3897 f4) 3595(2) 31(1)
C(42) 1210(5) -2470(4) 2539(2) 40(1)
C(37) 3462 (5) 1830(4) 4673 (2) 39(1)
P(1) 7280(1) 1603(1) 4547(1) 38(1)
Ff14) 6936(3) 2795(2) 4526(2) 54(1)
Ff12) 7565(3) 389(3) 4551(2) 64(1)
Ff16) 8349(3) 2150 (3) 4182 f2) 58(1)
Ff15) 6194(3) 974(3) 3849(1) 65(1)
Ff11) 6169(3) 1042 (2) 4897(1) 50 f1)
Ff13) 8277(3) 2241(3) 5247(2) 64(1)
0(1) 231(3) 716(3) 2704(2) 37(1)
N(53) 9646(4) 4786 (4) 2970 (2) 50(1)
C(51) 9012(5) 5122(4) 4051(2) 42(1)
C (52) 9361 (5) 4929 (4) 3440 (2) 37(1)
Nf63) 1889(5) 3421(5) 8994 (2) 61(1)
Cf62) 1916(5) 2711(5) 8599(3) 46(1)
C (61) 1965 f6) 1814 f5) 8087 f3) 68(2)
0(73) 7595(1) 7219(2) 4153(2) 67(1)
Cf73) 9281(6) 8949(6) 4024(4) 77(2)
Cf72) 8128(7) 7870(6) 3686(3) 73(2)
Q
CLI
Table 3. Hydrogen coordinates (x i0) and isotropic dispiacement
parameters (Â2 x i0) for [CuL2]22 chapter VII.











































































































































































































Table 4. Anisotropic parameters (Â2 x 10g) for [CuL2]22 chapter VII.
The anisotropic dispiacement factor exponent takes the form:
-2 7t2 [ li2 a*2 U11 + . + 2 h k a* b* U12
Uli U22 U33 U23 U13 U12
Cu (1) 27(1) 31(1) 26(1) 0(1) 10(1) 9(1)
Cu(2) 29(1) 32(1) 28(1) 4(1) 13(1) 10(1)
P(2) 49(1) 30(1) 32(1) 3(1) 18(1) 14(1)
Ff26) 35(2) 47(2) 42(2) 3(1) 10(1) 10(1)
F (21) 81(2) 51(2) 58(2) 5(2) 48(2) 3(2)
Ff24) 42(2) 41(2) 54(2) 4(1) 13(1) 19(1)
N(8) 21(2) 32(2) 27(2) 3(2) 8(2) 8(2)
Ff25) 47(2) 36(1) 35(2) -1(1) 17(1) 11(1)
Nf3) 25(2) 31(2) 29(2) 2(2) 9(2) 11(2)
N(1) 24(2) 33(2) 25(2) 2(2) 6(2) 11(2)
N(7) 24(2) 23(2) 30(2) -1(2) 9(2) 6(2)
N(5) 23(2) 37(2) 32(2) 6(2) 11(2) 9(2)
N(2) 23(2) 30(2) 27(2) -1(2) 5(2) 13(2)
F(23) 76(2) 46(2) 38(2) -5(1) 23(2) 21(2)
0(4) 26(2) 54(2) 37(2) 4(2) 8(2) 4(2)
F(22) 102 (3) 47(2) 41(2) 7(1) 7(2) 38(2)
0(3) 34(2) 38(2) 31(2) -3(2) 9(2) 9(2)
0(2) 26(2) 47(2) 41(2) -7(2) 3(2) 11(2)
Cf29) 35(3) 26(2) 25(2) 1(2) 8(2) 11(2)
N(6) 28(2) 27(2) 27(2) 0(2) 7(2) 9(2)
C(32) 24(3) 25(2) 30(3) -1(2) 8(2) 5(2)
C(4) 30(3) 41(3) 24(2) -4(2) 4(2) 14(2)
N(9) 23(2) 38(2) 27(2) 4(2) 6(2) 12(2)
N(10) 29(2) 34(2) 33(2) 7(2) 13(2) 16(2)
C(11) 22(3) 39(3) 35(3) 2(2) 8(2) 13(2)
N(4) 27(2) 23(2) 28(2) 2(2) 11(2) 8(2)
Cf5) 27(3) 37(3) 26(3) 1(2) 6(2) 18(2)
Cf39) 24(3) 38(3) 32(3) 10(2) 11(2) 16(2)
C (18) 27(3) 24(2) 28(3) 5(2) 11(2) 6(2)
C(19) 39(3) 31(2) 36(3) 3(2) 21(2) 8(2)
C(41) 35(3) 42(3) 42(3) 16(2) 20(2) 18(2)
C(27) 30(3) 22(2) 28(3) 5(2) 8(2) 8(2)
C(17) 34(3) 21(2) 32(3) 5(2) 15(2) 10(2)
C(38) 25(3) 46(3) 33(3) 14(2) 8(2) 15(2)
C(16) 47(3) 29(2) 31(3) 3(2) 18(2) 15(2)
C(12) 28(3) 29(2) 29(3) 1(2) 4(2) 14(2)
C(6) 23(3) 38(3) 31(3) 2(2) 7(2) 15(2)
Cf31) 27(3) 28(2) 35(3) 5(2) 13(2) 9(2)
C(2) 31(3) 37(3) 39(3) 9(2) 8(2) 11(2)
C(26) 36(3) 39(3) 29(3) 11(2) 14(2) 13(2)
C(14) 36(3) 28(2) 32(3) 0(2) 3(2) 9(2)
C(1) 30(3) 31(2) 30(3) 3(2) 8(2) 13(2)
C(35) 27(3) 39(3) 32(3) 7(2) 8(2) 18(2)
C(22) 35(3) 51(3) 44(3) 12(2) 12(3) 20(3)
Cf10) 27(3) 32(3) 40(3) 7(2) 12(2) 17(2)
C(13) 26(3) 25(2) 31(3) -1(2) 4(2) 8(2)
C(33) 24(3) 34(2) 32(3) 0(2) 5(2) 13(2)
C(23) 30(3) 38(3) 36(3) 8(2) 12(2) 17(2)
O C(44) 38(3) 38(3) 35(3) 6(2) 14(2) 20(2)C(30) 33(3) 30(2) 38(3) 6(2) 23(2) 11(2)
Q
CLIII
O C(28) 32 (3) 22 (2) 26 (3) -1 (2) 8 (2) 9 (2)C(21) 28(3) 52(3) 69(4) 17(3) 15(3) 22(3)
C(40) 25(3) 39(3) 34 (3) 14 (2) 14 (2) 19(2)
C(3) 38(3) 35(3) 32(3) -6(2) 4(2) 17(2)
C(7) 39(3) 43(3) 29(3) 0(2) 13(2) 15(2)
C(15) 46(3) 32(2) 23(2) 3(2) 5(2) 14(2)
Cf20) 35(3) 35(3) 61(4) 7(2) 29(3) 14 (2)
Cf43) 36(3) 32(3) 47(3) 6(2) 16(2) 13(2)
C(24) 30(3) 46(3) 40(3) 11(2) 10(2) 19(2)
Cf9) 34(3) 42(3) 37(3) 13(2) 19(2) 17(2)
Cf36) 30 (3) 47 (3) 25 f3) 1 (2) 5 (2) 16 (2)
Cf8) 32(3) 47(3) 33(3) 8(2) 15(2) 19(2)
Cf25) 32(3) 51(3) 30(3) 10(2) 0(2) 15(2)
C(34) 23 (3) 44 (3) 26 (3) 3 (2) 6 (2) 15 (2)
Cf42) 34(3) 35(3) 55(3) 13(2) 18(3) 14(2)
C (37) 35 (3) 56 (3) 26 (3) 9 (2) 6 (2) 21 (3)
P (1) 48(1) 35(1) 35(1) 6(1) 21 (1) 14(1)
Ff14) 51(2) 46(2) 74(2) 19(2) 31(2) 20(2)
Ff12) 89(3) 56(2) 81(2) 31(2) 54(2) 43(2)
Ff16) 60(2) 60(2) 74 f2) 25(2) 47(2) 27(2)
F (15) 71 (2) 58 (2) 41 (2) 9(1) 11 (2) -2 (2)
Ff11) 55 (2) 43 (2) 53 (2) 10(1) 32 f2) 10(1)
Ff13) 45 f2) 71 f2) 56 (2) 9 (2) 2 f2) 6 (2)
0(1) 30 f2) 31 (2) 45 (2) 3(1) 16 f2) 5 (2)
Nf53) 53(3) 58(3) 47(3) 13(2) 23(2) 25(2)
Cf51) 44(3) 47(3) 35(3) 5(2) 16(2) 15(3)
Cf52) 33(3) 39(3) 38(3) 7(2) 11(2) 11(2)
Nf63) 55(3) 75(3) 43(3) -4(3) 17(2) 15(3)
Cf62) 28(3) 54(3) 38(3) 4(3) 4(2) -2(3)
C f61) 55 (4) 61 (4) 62 f4) —18 (3) 7 f3) 4 (3)
0(73) 72(3) 61(2) 68(3) 17(2) 35(2) 17(2)
C(73) 65(5) 63(4) 98(5) -6(4) 32(4) 19(4)
Cf72) 66(5) 83(5) 69(4) 12(4) 24(4) 23(4)
CLIV



















































C f18) -C f19)
C f18) -C f17)
C (19) -C f20)
Cf41)-Cf42)
C(41) -C (40)
C (27) -C (26)




























































C (38) -C (37)
C (16) -C (15)





C f26) -C (25)
C(14)-C(15)
C (14) -C (13)
C (35) -C f36)
C (35) -C (34)
C f22) -C f21)
C f10) -C f9)
C f23) -C f24)
C f44) -C (43)
C (21) -C (20)
Cf7) -C(8)
C f43) -C (42)
C(24)-C(25)
C(9) -Cf8)
C (36) -C (37)
P (1) -Ff13)





N (53) -C (52)
C (51) -C (52)
N f63) -C (62)
























Ff22) -P f2) -Ff25)
Ff21)-Pf2)
-Ff25)










































































C f33) -N f8) -CU2






C f32) -N f7) -C f28)





C(6) -N f2) -C (10)
C(6)-Nf2)-CU1
CflO)-Nf2) -Cul
C f30) -C f29) -C f28)
C f23) -N f6) -C f27)
C f23) -N f6) -Cul
Cf27) -Nf6) -Cul
Nf7) -C f32) -C f31)
Nf7)-Cf32)-Cf33)
C f31) -C f32) -C f33)
C(5) -C f4) -C f3)
C (35) -N f9) -C f39)
C f35) -N f9) -CU2
Cf39) -Nf9) -CU2
C f44) -NflO) -C f40)
Cf44)-NfiO) -CU2
C f40) -N f10) -CU2
Ofl) -Cfli) -Nf3)
o fi) -C f11) -C f10)
Nf3) -C fil) -C f10)
Cfl3)-Nf4) -Cf17)
C f13) -N (4) -CU2
C f17) -N f4) -CU2
Nfl) -Cf5) -Cf4)
Nfl) -C f5) -C f6)
Cf4) -C f5) -C(6)
Nf9) -C (39) -C f38)
N(9) -C f39) -C f40)
C (38) -C f39) -C f40)
Nf5)-Cf18) -C f19)
Nf5) -C f18) -C f17)
C f19) -C f18) -C f17)
C f20) -C f19) -C f18)
C (42) -C f41) -C f40)
Nf6) -C f27) -C (26)































































C (26) -C (27) -C f28)
Nf4)-Cf17)-Cfl6)
Nf4) -C (17) -C (18)
C f16) -C f17) -C f18)
C f39) -C f38) -C (37)




Nf2) -C (6) —C f7)
Nf2) -Cf6)-Cf5)
Cf7) -C f6) -C f5)
C (32) -C (31) -C (30)
Cf3) -C f2) -C(l)
Cf25) -Cf26) -Cf27)
Cf15) -Cf14) -Cf13)
Nfl) -C(l) -C f2)
Nf9) -C (35) -C f36)
Nf9) -C f35) -C f34)
C (36) -C (35) -C f34)
Nf5)-Cf22)-Cf21)
Nf2) -C f10) -C f9)
Nf2)-C(lO) -C(ll)
Cf9) -C (10) -C fil)
Nf4) -C (13) -C (14)
Nf4) -Cf13) -Cf12)
C (14) -C (13) -C (12)
0(4) -C (33) -N f8)
0(4) -C f33) —C f32)
Nf8) —C f33) —C f32)
Nf6)-Cf23)-Cf24)
NflO) -Cf44) -Cf43)
C f29) -C f30) -C (31)
Nf7) -C (28) -C (29)
Nf7) -Cf28) -Cf27)
C f29) -C(28) -C (27)
C (20) -C (21) -C (22)
NflO)
-Cf40) -Cf41)
N (10) - C (40) - C f39)
C (41) -C f40) -C (39)
Cf2) -Cf3) -Cf4)
Cf8) -C (7) -C f6)
C(16) -C (15) -C (14)
C (19) -C (20) -Cf2l)
C (44) -C (43) -C f42)
Cf25) -Cf24) -Cf23)
C f10) -C f9) -C (8)
C (37) -C f36) -C (35)
C f7) -C (8) -C f9)
C f26) -C f25) -C (24)
0f3) -C (34) -N f8)
0f3)-Cf34)-Cf35)
Nf8)-Cf34) -Cf35)
C f41) -C f42) -C f43)
C (36) -C (37) -C (38)
Ff13) -P f1) -Ff12)
Ff13)-P(l) -Ff16)
Ff12) -P fi) -Ff16)
F (13) -Pfl) -Ff14)
Ff12)-Pfl)-Ffl4)
Ff16)-Pfl) -Ff14)












































































Ff14) -P fi) -Ff15)
Ff11) -P fi) -F (15)
N (53) -C(52) -C(51)
N (63) -C (62) -C(61)
O (73) -C (72) -C (73)
88.04 (18)
88.01(17)
179.2 f6)
179.1(6)
110.5 f5)
o
CLVI
Co
